A study of the properties of silicate bonded alumina and alumino silicate refractories. by Gangopadhyay, Amalendu.
A SCT)Y OP THE PROPERTIES OF SlLICATB-BOffPSD ALEMIIA M B  
ALU?m 05ILXCAgg RSFRACTOBIES*
A THESIS SUBMITTED TO TBE UUVHRSITT OF LOBBOI FOE THE EEOHEE OF
DOCTOR OF PHILOSQPHT*
E l  '
m & L m m j g a e o o p a d e y a x .
BATTERSEA COLLEGE OF TECHNOLOGY* 
L-OfDQH,
G ctoberf 19*50.
° i  I O I
ProQuest Number: 10804718
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 10804718
Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106- 1346
Becent work on s in te r in g  in  th e  p re sen ce  o f  a  l iq u id  phase has ,
suggested  th a t  h igh  tem p era tu re  g la s sy  bonds have g r e a te r  p o s s ib i l i t i e s *
T his whole work has been d esig n ed  w ith  bond m a te r ia ls  which would
produce e a s t  r e f r a c to r ie s *  so t h a t  complex d esig n s  may be produced
econom ically* The fo rm atio n  o f  bond w i l l  be g u id ed  rough ly  by th e
phase diagram* b u t may tak e  p la c e  a t  a  much low er tem p era tu re  due to
fo rm atio n  o f  e u te c t ic  m ix tu res  by th e  m inute t r a c e s  o f  im p u r it ie s
whose p resen ce  may be d i f f i c u l t  to  determ ine* I n  t h i s  in v e s t ig a t io n
an a ttem p t has been  made to  fo llo w  th e  p ro c e ss  o f bond fo rm atio n
in d ir e c t ly *  in  e th y l  s i l i c a t e ,  sodium s i l i c a t e  and potassium  s i l i c a t e
bonded alum ina and a lu m in o - s i l ie a te s , by fo llo w in g  th e  th e rm a l expansion
c h a r a c t e r i s t i c s ,  th e  r e f r a c to r in e s s  under lo a d  a t  h ig h  te m p e ra tu re s ,
and room tem p era tu re  tra n s v e r s e  bend s t r e n g th  developed  d u rin g  f i r i n g  a t
d i f f e r e n t  te m p e ra tu re s . The r e s u l t s  have f u r th e r  been c o r r e la te d  w ith
s tu d ie s  on m ic ro s tru c tu re s  and X -ray  p a tte rn s *  
oAbove 1000 C th e  bond form ed new compounds b o th  c r y s ta l l in e  and 
g lassy *  The s i l i c a  bond produced a s ta b le  a lu m in o u s il ic a te  compound, 
w hereas th e  a l k a l i  s i l i c a t e s  produced a g la s s y  bond from w hich p r e c ip i t a ­
t io n  o f  m ic ro c ry s ta l l in e  phases occurred*  A lthough some o f  th e  a l k a l i  
s i l i c a t e s  produced a room tem p era tu re  bond fo r  alum ina equal to  th a t  o f  
e th y l  s i l i c a t e ,  f o r  s i l l im a n l t e  th e  e th y l  s i l i c a t e  produced th e  b e s t  
bond. Both th e  a lu m in o - s i l ie a te  compound and any p r e c ip i t a t e d  phase
were too  f in e  to  be d e f in i t e ly  i d e n t i f i e d ,  bu t in d i r e c t  ©vi&ence 
in d ic a te d  t h e i r  p resence*  At h ig h  te m p e ra tu res  th e  sodium s i l i c a t e  
bond was b e s t  f o r  a lum ina, and po tassium  s i l i c a t e  f o r  s i l l im a n l t e  t e s t  
p iece s*  fh© im p lic a tio n s  o f  th e  r e s u l t s  from  th e  v iew po in t o f  th e  
behav iour o f  f i r e d  and u n f i r e d  r e f r a c to r i e s  have been d isc u sse d  and 
th e  p ro b a b le 're a so n s  compared w ith  th e  e x i s t in g  ideas*
fh@ re s e a rc h  programme was o r ig in a l ly  i n i t i a t e d  by an in d u s try  
in te r e s t e d  i n  c a s t  r e f r a c t o r i e s ,  and so th e  whole s tu d y  h as  been 
r e s t r i c t e d  to  th e  p o s s i b i l i t i e s  o f  t h e i r  l im i t s  o f  p roduction*
f h e i r  main i n t e r e s t  was th e  s tu d y  o f  th e  com parative  p r o p e r t ie s  
o f  h igh  tem p era tu re  r e f r a c t o r i e s ,  when e th y l  s i l i c a t e ,  which was a lre a d y  
be in g  u sed , was re p la c e d  by a l k a l i  s i l ic a te s * .
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In tro d u c tio n
1 *1*1. C o n sid e ra tio n  was given to  d i f f e r e n t  ty p es  o f  s i l i c a  
g e ls ,  and the  s tu d y  has been c o n ce n tra te d  on th e  p h y s ic a l  p ro p e r t ie s  
o f  the r e f r a c to r i e s  bonded w ith  s i l i c a  g e ls  produced from e th y l  s i l i c a t e ,  
po tassium  s i l i c a t e ,  and sodium s i l i c a t e *  She g e l l in g  a c t io n  o f  th e  
hydrogels o f  s i l i c a  produced enough green s t r e n g th  f o r  th e  c a s t  m a te r ia l s ,  
whereas th e  b in d e rs  were ex pec ted  to  produce ceram ic bonds by th e  
p ro d u c tio n  o f  a  h ig h ly  r e a c t iv e ,  f in e  form  o f  p r e c ip i t a t e d  s i l i c a  a t  
h igh  te m p e ra tu re s , which in  tu rn  would produce s ta b le  s i l i c a t e s .  Prom 
a  s tudy  o f  th e  phase diagram s o f  Al^O^ -  SiOg, Al^O^ -  SiO^ -  l a 20 ,
AlgO^ -  SiOg -  KgO, th e  p ro d u c tio n  o f  th e  new phases by th e  s i l i c a  
may he ex p ec ted  a t  low er tem p era tu res  th an  th e  u su a l s in t e r in g  
tem p era tu res  o f  the r e f r a c to r y  m a te r ia ls ,
1 . 1 , 2 . The o b se rv a tio n s  were made m ostly  w ith  alum ina and alum ino- 
s i l i c a t e s *  The work was designed  to  y i e ld  in fo rm atio n s  p e r t in e n t  to  
the  fundam ental mechanism u n d e rly in g  th e  bonding o f  th e  above r e f r a c t o r i e s ,
I '
and com paring th e  p ro p e r t ie s  o f  th e  r e f r a c t o r i e s  bonded w ith  e th y l  
s i l i c a t e  w ith  th o se  bonded w ith  a lk a l i  s i l i c a t e s .
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;;c GHAPWt.~ XI
... G eneral S u rrey  o f  th e  L i te r a tu r e  ..... . ■>.
X* In tro  duet Io n s .. ..
I I . I . I *  The methods o f  p roducing  r e f r a c to r y  o x ides m a te r ia ls  by c o ld  
form ing and f i r i n g  to  develop ceram ic bonds a re  n o t new, /but w ith  
in c re a se d  o p e ra t in g  tem p era tu re  o f  ceram ic m a te r ia ls  th e  problem  o f  
r e ta in in g  h ig h  r e f r a c to r y  p ro p e r t ie s  o f  th e  s in te r e d  p ro d u c t have become 
m ore 'p rom inen t.
11*1*2. U n ti l  r e c e n t ly  I t  was g e n e ra lly  accep ted  th a t  chem ical 
r e a c t i v i t y  was e x c lu s iv e ly  a  p ro p e r ty  o f  m a te r ia ls  in  th e  l i q u id  and 
gaseous s ta te *  S p r in g ( l)  f i r s t  su g g es ted  th e  p o s s ib i l i t y  o f  r e v e r s ib le  
chem ical r e a c t io n s  ta k in g  p la c e  in  th e  absence o f  a l iq u id  o r  gaseous 
p h a se , b u t i t  was n o t a cc e p ted , u n t i l ,  Ta®man(2) ,  H e d v a ll(3 ) , and E n d e ll(4 )  
s tu d ie d  and opened th e  f i e l d  o f  s o l id  s t a t e  re a c tio n s*
2* . S in te r in g s ■ '' •»
11*2 , 1 . B i t e l ( 5) d e f in e d  s in te r in g  (o r  ceram ic bonding) as th e  meeha- 
nism w hereby, th e  g ra in s  in  powders o f  d e f in e d  p a r t i c l e  p r o p e r t i e s ,  u n der 
th© in f lu e n c e  o f  a  given tem p era tu re  (and e v id e n tly  a d d i t io n a l  p re s su re )  
adhered to  one a n o th e r , -  t h i s  had  a  c e s ta in  s im i la r i ty  to  t ru e  chem ical 
r e a c t io n s .  D awhil(d) m entioned th a t  s i n t e r in g  cou ld  tak e  p la c e  e i t h e r  in  
the  s o l id  s t a t e  o r in  th e  p re sen ce  o f  a  l i q u id  p h a se . H u tt ig (7 ) has  
spoken o f  fu n c tio n  o f th e  m o b ility  o f  th e  s t r u c t u r a l  p a r t i c l e s  o f  th e
s o l id  r e a c ta n ts  a t  tem p era tu res  above a  th re s h o ld  value*  I a g i i s e h ( 8 ) 
gave the  th re sh o ld -te m p e ra tu re  %n th e  ox id es  as 0 . 8. -  0 ,9  ^  (where 
Tg i s  th e  a b so lu te  fu s io n  te m p e ra tu re ) , and Marcus and H u ttig (9 )  s a id  
the  minimum tem peratu re  f o r  r e c r y s t a l l i s a t i o n  and s e l f  d if f u s io n  in  a  
s in g le  component system  as 0 .5
1 1 ,2 .2 , S c o t t ( lo )  s t a t e d  th a t  in . s o l i d  s t a t e ' r e a c t i o n ,  th e  in d iv id u a l  
atoms were r ig i d ly  h e ld ,  and consequen tly  v ib r a t io n a l  movements o f . 
bonds became th e  dominant f a c t o r ,  Trans 1 at©ry movement was on ly  p o s s ib le  
when th e  v ib r a t io n a l  term  exceeded a  c e r ta in  amount, and then  th e  
mechanism was th a t  o f  d i f f u s io n ,  o r  th e  movements o f  atoms to  th e  . 
i n t e r s t i t i a l  o r  vacan t l a t t i c e  s i te s *  B eao tlo a  between s o l id s  s t a r t e d  ■ 
a t  p o in ts  on th e  in te r f a c e  between th e  r e a c ta n ts  and th en  p ro p ag a ted  in  
th e  p a re n t, p h a se , by th e  m ig ra tio n  o f  th e  b o u n d a rie s , ■ The c h a ra c te r  o f  
the  r e a c t io n  was determ ined, by th e  r e l a t i v e  r a t e s  o f  the ' n u c le a tio n  and 
p ro p ag a tio n  re a c tio n s*  Cannon an d -W h lie ( ll)  de term ined  from th e  A rrhen ius 
e q u a tio n  th e  p ro c e ss  rat®  o f  s in t e r in g  o f  c r y s ta l l in e  m a te r ia ls ,  as w e ll 
a s ,  t h a t  o f  v i t r i f i c a t i o n  and sh r in k a g e . .'
11*2 . B. W eyl(l2)" e x p la in ed  th e  h i ^ e r  a c t i v i t y  o f  th e  edges and 
co rn ers  o f  g ra in s  by showing th a t  th e  su rfa c e  s t r u c tu r e  was always ch arac ­
t e r i s e d  by f r e e  va len ce  f o r c e s .  These mi<At he s a tu r a te d  e i t h e r  by new 
bonds in  chem ical r e a c t io n s  o r  by r e c r y s t a l l i z a t i o n .  The atom ic a rran g e­
ment ©f th e  s o l id  phase was a lso  im p o r ta n t. I t  was n e ce ssa ry  to  know 
w hether they  were c r y s t a l l i n e  o r  g la s s y , and th e  p ro p o r tio n s  o f  c o -v a le n t
and io n ic  bonding* The s u r fa c e  ©f a  c r y s t a l  .was g e n e ra l ly  ©ore g la ssy  
i s  s t r u c tu r e , .  i*e«# i t  wm mo m © o*valent and. l e s s  io n ic  th an  the.. , 
in te r io r *  . ...,
, 11*2*4 # B uerger and Washkens(13). m entioned t h a t  a  th re s h o ld  tem per* 
a tu re  was necessary... to  e s t a b l i s h  a  minimum a c t iv a t io n  energy.- to  b r in g  
about the . s u r fa c e  changes* ' The, a c t i v i t y  g r a d ie n ts ,  which m m  g ra d ie n ts  
o f  chem ical p o t e n t i a l ,  were, a ls o  th e  fundam ental f a c to r s  c au s in g  th e  
d i f f u s io n  and m ig ra tion#
11*2*5# $©e&alfs (l4 ).. th e o ry  of. flaw s had  d i r e c t  im portance ©n....
; ii ;
r e a c t io n s  in  th e  s o l i d  s ta te - , i f  f in #  c r y s t a l l i n e  o r  h ig h ly  d is p e rse d  
ag g reg a tes  m m  p re se n t*  D uring th e  d eh y d ra tio n  p ro c e ss  is ie ta -p h ases*  
form ed, r e p re s e n t in g  a  much a c r e  g e n e ra l phenomenon o f  u n s ta b le  
* m e ta s ta te a t 9 as  0a tw a ld ( l5). d e f in e d  them , In  a  s p e c ia l  in v e s t ig a t io n  
Of. in te rm e d ia te  p h a se s , which perhaps d id  n o t fo llo w  c l a s s i c a l  thermo*- 
dynamic p r in c ip le s  (C ibV a ph ase  r u le } ,  because  o f  t h e i r  d i v e r s i t y  #
A s im i la r  v iew  was a lso  g iven  by B u t t ig ( lS ) *. ;12iilo d is c u s s in g  m eta­
s t a t e s  Jm&0 x*(lf) o bserved  th e  anomalous incom plete  s t r u c tu r e  by X -ra y  
d i f f r a c t i o n ,  which gave w idened c e l l  co n s ta n ts#  6ow(18) co u ld  n o t . 
confirm  th e  fo rm atio n  o f  compounds from X -ray  s tu d ie s  o f  alum inous 
b r ic k s  |  sub  J e s te d  to  la^SO ^-vapour. Be p roposed  th e  fo rm atio n  o f  
,3 - a l w i a a  r a th e r  th an  S a ^ . t tg O  a t  1200OQ» a lth o u g h  tha  p r a h a M li ty  
o f  s t ro n g ly  a lk a l in e  m e lts  co u ld  n o t  be r u le d  o u t due to  th e  slow  
re a c t io n  r a te #  £ i t e l ( 19) has p o in te d  o u t t h a t  th e  g e l o r  g la s s y  ph ases  
g e n e ra lly  showed c o n s id e ra b le  in c re a s e d  r e a c t i v i t y  in  com parison w ith
th e  a n is o tro p ic  m a te r ia l  o f  equal chem ical com position*
11.2*6, A lliso n  and Iu rray (2G ) s t a t e d  t h a t  bonding m i # t  o ccu r by
(a ) d if fu s io n  (b) m acroscopic flo w , and (c )  by adhesion  o f  a g la ssy  
p h ase , when th e  p ro p e r t ie s  o f  th e  r e f r a c to r y  would be la r g e ly  c o n tro l le d  
by th e  p ro p e r t ie s  o f  th i s  g lass*  S h u ttlew o rth  and M ackenzie(21) from 
t h e i r  s tu d y  o f  i s o la te d  po re  s ta g e ,  C lark and l h i t e ( 22) from t h e i r  s tu d y  
o f  i n i t i a l  p o re  s ta g e ,  and Murray and A lliso n  from t h e i r  s tu d y  o f  
Iso th e rm a l sh rin k ag e  curves a t t r i b u t e d  th e  s in te r in g  phenomena to  p l a s t i c  
flow . However, K uczynsk i(23), Bhines e t . a l . ( 24) ,  B rd m a n n s-Je sn itze r(2 5 ), 
Thummler(26) ,  Fedorchenko and A ndrievsky(2 7 ) , B em ard( 2 8 ) , and © thers 
( 29- 33) a l l  su g g es ted  th a t  d if fu s io n  r a th e r  th a n  th e  p l a s t i c  flo w  was 
r e s p o n s ib le - f o r  w in tering*
®i©'" in tro d u c tio n  o f  th e  l iq u id  phase in  th e  system  du rin g  
s in te r in g  m ight le a d  to  e f f e c t s  from (a ) s o lu b i l i t y  and s o lu t io n  r a t e
(b) c i y s t a l l i z a t i o n  from s o lu t io n  (c )  w e ttin g  p r o p e r t i e s ,  and hence (d) 
b eh av io u r o f  c a p i l l a r i e s ,  e tc*  S isen k o lb  and K a ln in g (34) s tu d ie d  some 
o f  th e se  e f f e c t s  on m e ta l l ic  models* £ in g e ry (35) s t a t e d  t h a t  a f t e r  th e  
rearrangem ent stag® had  been com pleted by th e  f i r s t  appearance o f  th e  
l i q u id  p h a se , th e  s o lu t io n  o f  sm all g ra in s  and r e p r e o ip i ta t io n  on th e  
la r g e r  ones co u ld  not account f o r  th e  observed  d e n s if ic a tio n *  He 
p o s tu la te d  th a t  th e  l i q u id  com pletely  w e tted  and p e n e tra te d  between a l l  
g r a in s ,  and t h a t  th e  l iq u id /v a p o u r  s u r fa c e  e n e r^ r c re a te d  h ig h  p re s s u re s  a t  
th e  p o in ts  o f  c o n ta c t between g ra in s .  The p re s su re  in c re a s e d  th e  
s o lu b i l i t y  o f  th e  s o l id  in  th e  l iq u id  p h a se , and r e p r e o ip i ta t io n  a t  B
o th e r  p a r ts  o f  th e  s o l i d , ’where th e  g ra in s  were n o t in  eo n tac t*  This 
p e rm itte d  th e  g ra in s  to  change shape in  such  a  way as to  accommodate 
one a n o th e r b e t t e r  and p e rm it s h r in k a g e .’
3.' S in te r in g  o f  Oxides and S i l i c a t e s t  'v
I I . 3.1* F or ox ides and s i l i c a t e s ,  S h a le r  and W uilf*s(36) th eo ry  o f  
sh rin k ag e  and s in t e r in g  as in  m etal pow ders, cou ld  nob be a p p lie d  e a s i ly  
as su rfa c e  te n s io n  and v i s c o s i ty  d a ta  were d i f f i c u l t  to  d e te rm in e , and 
in  th ese  non-deform able su b s ta n c e s , developm ent o f  sp h e ro id a l p o res  in  
the  b eg in n in g  seemed to  be h ig h ly  u n re a so n a b le . C lark and W hite(22) ,  
and a lso  P i r a n i ,  Mckee, and Banghani(37) advanced th e  id e a  o f  flow  u n d er 
th e  n e g a tiv e  p re s su re  o f  s u r fa c e  c a p i l l a r y  su c tio n  and s u r fa c e  d if f u s io n  
f o r  which an a c t iv a t io n  energy was re q u ire d . C lark and W hite*s sp h ere  
model has p roved  q u ite  s a t i s f a c to r y  f o r  g la s s  powders* In  th e  case  o f  
alum ina end m agnesia, a  y ie ld  v a lu e , (*SV), was in tro d u c e d , which was a  
th re s h o ld  s h e a r ,  because th e  flow  r a t e  determ ined  by th e  k in e t ic s  o f  th e  
q u a s i - l iq u id - le n s  fo rm ing  p ro c e ss  was in  g en e ra l n o t determ ined  by a 
Newtonian law , b u t by one which was analogous to  th e  Bingham ty p e  o f  flo w  
o f  c lay  w a te r . The chem ical n a tu re  o f  th e  sh r in k in g  m a te r ia ls  was 
r e l a t i v e l y  un im portan t here* Even when a  l iq u id  phase was p re s e n t  to  form  
th e  l e n s ,  th e r e  was in  f a c t  no m ajor d if f e r e n c e  in  th e  flow  phenomena from 
th o se  in  alum ina o r  m agnesia , b ecau se , th e  c a p i l l a r y  fo rc e s  were th e  
e s s e n t ia l  f a c t o r s ,  As th e  p o ro s i ty  o f  th e  m a te r ia l  ten d ed  to  zero  by 
m erging th e  le n s e s ,  th e  system  then  approached th a t  o f  S h a le r  and Wulf*s*
11*3*2* A ccording to  Budnikov and Cevorkyan(38) th e  s t r e n g th  o f  th e  
bod ies sh o u ld  depend n o t on th e  g la ss  b u t on th e  deep in te r d i f f u s io n  o f  
the  p rim ary  phases o f  th e  body* F o llow ing  th e  s tu d y  o f  Bragg(39)»
MeCullum and B a r re l{40) s t a t e d  th a t  th e  bonding o f  m e ta l l ic  oxides, and 
s i l i e a t e  m in e ra ls  were e s s e n t i a l l y  io n ic  in  c h a rac te r*  The r e l a t i v e l y  
sm all en tropy  change and d e n s ity  d ecrease  o f  th e se  m a te r ia ls  on m e ltin g  
in d ic a te d  th a t  th e re  co u ld  be no g re a t  change in  th e  atom ic arrangem en t, 
in  th e  l iq u id  stage*  B oekris and h is  co-w orkers (41) confirm ed th e  io n ic  
s t r u c tu r e  o f  th e se  l iq u id s  from t h e i r  s tu d y  on th e  e l e c t r i c a l  c o n d u c tiv ity  
o f  s i l i c a t e  m e lts , ‘fag n e r (42) concluded th a t  in  a  g iven  s i l i c a t e  s t r u c tu r e  
th e  p o s i t io n s  o f  th e  oxygen anions were f ix e d ,  and on ly  a  d if f u s io n  o f  
c a t io n s ,  in c lu d in g  th e  s i l i c o n  c a t io n s ,  w ere f i r s t  assumed to  tak e  p la c e  
in  th e  r e a c t io n  la y e r s ,  MeCullum and B a r re t ,  as w e ll as D ouglas(4 3) have 
su g g es ted  t h a t  two ty p es  o f  d if fu s io n  p ro c e ss  o p e ra te  in  s i l i c a t e  m elts*
The f i r s t  was p r im a r i ly  c o n tro l le d  by th e  c a t io n ,  w ith  some type  o f
com pensating mechanism, such as mass flo w , and th e  second on© p r im a r i ly
? - .
c o n tro l le d  by th e  a n io n , when i t  was n e ce ssa ry  to  have a  sim ultaneous 
d if fu s io n  o f  n e g a tiv e  and p o s i t iv e  io n s ,  MeCullum and B a r re t  a lso  su g g es ted  
th a t  th e  d is s o lu t io n  o f  corundum, in  s i l i c a t e  m elts  was c o n tro l le d  by anion  
d i f f u s io n .  W hite(44) in  su p p o rtin g  t h i s  had p o in te d  to  th e  h ig h  energy  o f  
a c t iv a t io n  o f  s in t e r in g  alum ina ( i . e . ,  abou t 78 k c a l/m o l,)*
4* The Glasav Phase?
11*4*1* A r a p id  quenching o f  fu se d  s i l i c a t e s ,  a lu m in o -s iId e a te s ,  e t c .
brough t about r e l a t i v e l y  s ta b le  u n d erco o led  m e lts ,  known as * g la s s  ’ • 
Tamman(45 ) in  b is  c l a s s i c a l  experim ents in v e s t ig a te d  th e  p ro p e r t ie s  o f  
g la s s e s ,  and d is t in g u is h e d  them from c r y s t a l l i n e  m a te r ia ls  by t h e . ,
absence o f  p h y s ic a l  a n iso tro p y , and any d e fin e d  fu s io n  p o in t .  E c k e r t(46) 
d e fin ed  g la s s e s  as c o n c e n tra te d  s o lu t io n  o f  sim ple o r  complex s i l i c a t e s ,  
a lu m in a te s , e t c . ,  in  s i l i c a .  Ton W@irna(47) and Schwarz and S low ener(48) 
have argued th a t  th e  so c a l l e d  amorphous powders p ro b ab ly  were r e a l l y  a  
very  f in e  g ra in e d  c r y s t a l l i n e  s t r u c tu r e ,  which cou ld  n o t be d e te c te d  by 
a  m icroscope d i r e c t l y ,  b u t n e v e r th e le s s ,  e x h ib ite d  c h a r a c te r i s t i c s  
p e c u l ia r  to  c r y s ta l l in e  s t r u c tu r e s ,  e . g . ,  had  a  n e t  w ork, honeycombed, 
ra y e d , o r  d e n d r i t ic  s t r u c tu r e  u n le s s  th ey  were formed o f  de tached  
g ra n u le s . The la t t e r ( 4 8 )  p roved  t h a t  th e  lo s s  o f  w a te r  b y -a  g e l ,  even 
under w a te r , cou ld  be reg a rd ed  as a  p re lim in a ry  s ta g e  o f  c r y s t a l l i z a t i o n .  
Speaking o f  g la s s  s t r u c tu r e  Z ach ariasen (4 9 ) em phasized th a t  th e  a b i l i t y  
o f  th e  * g ia a t-B o le o u le  * (form ed o f  S iO ^ -  te t r a h e d r a l  c o -o rd in a tio n  ,
fram e-work s t r u c tu r e s )  to  grow in  a l l  d i r e c t io n s  was c h a r a c t e r i s t i c s  o f  
c r y s t a l s ,  b u t th e  degree o f  o r ie n ta t io n  f i n a l l y  determ ined  w hether o r  
n o t a  g iven su b stan ce  s o l i d i f i e d  as a  c r y s t a l l i n e  o r  a  g la s s y  p ro d u c t.
This degree o f  r e g u la r  o r ie n ta t io n  was w ith o u t any d o u b t, e s s e n t i a l ly  
governed by the  s iz e  and shape o f th e  com plex, as Hagg supposed .
W@yl(50) had  compared th e  bond s tr e n g th  in  c r y s t a l l i n e  and g la ssy  m a te r ia ls  
o f  some m o lecu lar co m p o sitio n s , and a lso  d isc u sse d  th e  g la s sy  phase in  
d e t a i l ( 5l ) .  Sun(52) s t a t e d  t h a t  th e  arrangem ent o f a l l  th e  atoms and
m olecules in  a g la ss  p o sse sse d  a  permanence s im i la r  to  t h a t  in  
c r y s ta l l in e  s o l id s  I and a randomness s im i la r  to  t h a t  c h a r a c te r is  t i c  o f  
l iq u id s #  01 a ss  was therm odynam ically  u n s ta b le  and ten d s  to  c r y s ta l l i z e #  
depending on th e  rat©  p ro c e s s . Once th e  g la s s  was form ed, due to  i t s  
r i g i d i t y  th e  r a t e  o f  c r y s t a l l i z a t i o n  became alm ost n e g l ig ib le  even i f  
th e  r a t e  o f  c o o lin g  tended  to  be zero# Sun and 8 ilverm an(53) su g g es ted  
th a t  th e  r a t i o  o f  ra d iu s  o f  p o s i t iv e  atom to  th e  oxygen atom Used sho u ld  
be le s s  th an  0*414 f o r  good g la s s  fo rm ers , which was th e  l im i t  f o r  the  
te t r a h e d r a l  l in k a g e . ( T his in  f a c t  s t a t e d  t h a t  a l l  p o s i t iv e  atoms o f  th e  
g la ss  fo rm er sh o u ld  have a c o -o rd in a tio n  number o f  4 o r  le s s*  From th e  
' ta b le  given by Sun i t  .was ' e v id e n t . t h a t  A l, S i,ran d . F -were good: g la s s  
form ing e lem en ts , w ith  c o -o rd in a tio n  number o f  4 in  a l l  c a s e s ,  whereas 
f a  and K were c l a s s i f i e d  o n ly  as ♦ m o d ifie rs1, w ith  c o -o rd in a tio n  numbers 
o f  6 and 9 r e s p e c t iv e ly ,  and s in g le  bond s tr e n g th  o f  20 k e a l  and 13 k c a l 
r e s p e c t iv e ly ,  in  com parison w ith  101 *- f9* aud 106 o f  t h a t  o f  A1 and Si*
K i t t l ( 54) ,  w h ile  s tu d y in g  th e  e f f e c t  o f  v is c o s i ty  in  a l k a l - s i l i c a t e  
c i y s t a l l i  z a t io n , found th a t  when th e  maximum speed o f  c r y s t a l l i z a t i o n  f e l l ,  
in  th e  re g io n  o f low v is c o s i ty #  com plete c r y s t a l l i z a t i o n  u s u a l ly  o c c u rre d , 
w hile  in  .the o p p o s ite  case  a  g la s s  was form ed.
5* . S i l i c a  From A l k a l i - s i l i c a t e fe
11*5*1# ;■ Hurd(55) made a  com prehensive r e p o r t  on th e  th e o r ie s  o f  s i l i c a  
hy d ro so l fo rm atio n  from s o lu b le  a l k a l i - s i l i c a t e s *  Hurd end M a ro tta (56) 
in d ic a te d  t h a t  th e  s o l i d i f i c a t i o n  o f  s i l i c a  g e l was n o t a  mere c o a g u la tio n
b u t a co n d ensa tion  !?! which p o ly s i l i c i c  a c id s  wetre formed* E o lzaphel(57 ) 
and Zsigmondy ( 58) and o th e rs  have shown th e  honeycomb p a t t e r n  o f  s i l i c a  
gel* W arren(59) has shown t h a t  the d i f f r a c t io n  p a t te r n  o f  s i l i c a
g e ls  e x h ib ite d  a v e ry  d if f u s e  in te r f e re n c e  band a t  the  same d i f f r a c t io n  
angle as was shown by th e  s t ro n g e s t  in te r f e r e n c e  l in e  o f  c r y s to b a l i t e ,  
th e  average s i z e  o f  th e  c r y s t a l l i t e  b e in g  c a lc u la te d  as t h a t  o f  an 
elem entary  c e l l ,  H auser(6G) s a id  th a t  th e  im portan t p ro p e r ty  o f  th e  
amorphous p ro d u c t was i t s  h ig h e r  r e a c t i v i t y  due to  a p p ro p r ia te  d is p e r s io n  
A lexander and Johns on (61) s a id  t h a t  th e  l in k in g  to g e th e r  o f  th e  h ig h  
m o lecu lar w eight m o n o -s ilic ic  a c id  m o lecu le , th rough p rim ary  v a len ce  
bonds e x p la in ed  th e  g re a t  m echanical s t r e n g th  o f  th e  s i l i c a  g e ls .
6 * ’ S i l i c a  Gel from Bthy 1 -s 111 c a te 1 *
I I . 6 . 1 * T e tra -e th y  1- s i l i c a t e (62) was s p l i t  o r  's a p o n if ie d *  in to  
s i l i c o n  o x y h y d ra te , and a lc h o h o l, when w a te r  and d i lu te  a c id  was added, 
( W )4S i + (?w.2)H20 * 4 C2H50H + SiOg.nH^O
c o n v ertin g  th e  s i l ic e o u s  a c id  to  s i l i c a  (1000 gms. o f  t e t r a e t h y l s i l i e a t e  
formed 280 gms. o f  s i l i c a  and 720 gms. o f  a lc h o h o l) . The s a p o n if ic a t io n  
r e a c t io n  gave th e  s i l i c a  in  a  c o l lo id a l  form  (d is p e r s e d ) ,  and t h i s  
c o l lo id  o r  g e l rem ained u n a l te r e d  u n d er th e  in f lu e n c e  o f  a c id  w ith o u t 
decom position* When th e  a c id i ty  was red u ced , th e  su sp en sio n  became 
u n s ta b le ,  th e  s i l ic e o u s  p a r t i c l e s  su rrounded  by a  q u a n ti ty  o f  w a te r  
m olecules f lo c c u la te d  and form ed a homogeneous g e l .
7# A lk a l i - S i l lo a  Systems — ||
11*7*1* Fa^O-SiOg diagram  was given  by K racek(63)* Sodium m eta- 
s i l i c a t e  and sodium d i s i l i c a t e  b o th  m e lted  eo n g ru en tly  a t  1089°0 and 
874°0 re s p e c tiv e ly #  The s lo p e  o f  th e  liqu i& us l in e  from above 1$0°C j
to  th e  fu s io n  p o in t  o f  e r is to b & lit©  was c h a r a c t e r i s t i c  o f  th e  in f lu e n c e  ).
o f  s i l i c a  on th e  m e ltin g  p o in t  o f  sodium s i l i c a t e s *  M cklnnls and S u tto n  (
(64) t r i e d  to  make a  d e ta i l e d  s tu d y  o f  th e  th eo ry  o f  th e  n a tu re  o f  )
s i l i c a t e  m elts  and t h e i r  in te r a c t io n s  w ith  s i l i c a *  The system  EgO-SiOg 
was s tu d ie d  by Morrey and F enner(65) 9 and K raoek, Bowen and M orrey(66) j
and was l a t e r  c o r re c te d  by th e  l a s t  group o f  au th o rs  (67)* A g la ssy  ;
s o l i d i f i c a t i o n  p re v a i le d  in  th e  neighbourhood o f  th e  compound K20 *4S i0g f 
which c r y s t a l l i z e d  w ith  d i f f ic u l ty #
8 * Alumina <- S i l i c a  Systems .
I I . 8*1* Shepherd and Hankin(68) in v e s t ig a te d  th e  Al^O^-SIOg system ,
0 if- o
and confirm ed a  compound w ith  congruen t m e ltin g  p o in t  a t  I816VC Z 10 0 , i
w ith  a  v e ry  h ig h  r a te  o f  c r y s ta l l i s a t io n *  The compound had  two e u t e c t i c s ,  
w ith  c r i s i o b a l i t e  and corundum r e s p e c t iv e ly ,  and confirm ed  t h a t  th e  
♦ s ill im a n ite *  (a s  was named by ? e m a d s k l i ( 69) and Beekjnan(7Q) ) was th e  
on ly  s ta b le  compound o f  AlgO^ and SiOg. W ri^h t(71) had  o bserved  th e  
p re sen ce  o f  m inute s i l i c e o u s  g la s s  in c lu s io n s  in  th e  s i l l i m a n i t e ,  Bowen 
and G re ig (7 2 ), $ re ig  and Posn^ak(73) and Hooksby and P a r tr id g e (7 4 )  made 
d e t a i l  s tu d y  o f  th e  system* The f i r s t  n o t ic e d  an in co n g ru en t fu s io n  r e a c t io n
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a t  l'810dC* and named th e  compound V m u lli te * * ; looks by and P a r tr id g e  
from th e  )£»ray a n a ly s is  found th a t  th e  m u ll i te  m ight c o n ta in  up to  75^
11 0 ,  by r e ta in in g  th e  ex cess  alum ina as s o l id  s o lu t io n  in  i t s e l f *  whereas
2 i  i
excess s i l i c a  going in to  s o l id  s o lu t io n  l a  m u ll i te  was n o t n o ticed *
B ay lo r(7$) u l t im a te ly  so lv ed  th e  lo n g  s ta n d in g  problem  o f  s i m i l a r i t y  o f  
'* s i l l im a n i te  * and #m u llite* *  '."So p o in te d  o u t th a t  in  view  o f  th e  
s im i la r i ty  between SiO^ and AIO^ -  atom ic groups* a  rep lacem en t o f  a  
SiO^ group i n  s i l l im a n i t e  s t r u c tu r e  by an AXO  ^ group would g ive  th e  j
m u ll i te  s t ru c tu re *  i f  one 0- atom in  40 were removed* JC eyser(?6 ) made a  {
d e ta i le d  X -ray  s tu d y  o f  ’ s i l l im a n i te *  and ’m u llite *  form ed from d i f f e r e n t  j
sources*  B elyankin  and I3 ilak to3?skii(77) and Ja g its c h (7 8 )  confirm ed th a t  j
a t  1000° C a l l  th e  r^ a lu m in a  p re s e n t  sh o u ld  he co n v e rted  to  corundum* 
though t h i s  r e a c t io n  s t a r t e d  a t  8G0°C* The X -ray  s tu d ie s  o f  Xnsley and |
E w e ll(79) gave th e  m u ll i te  fo rm ation  tem p e ra tu re  as 1000°C, w hereas |
S i t e l  and Kdesdy(80) n o tic e d  th e  v i s i b l e  c r y s t a l l i s a t i o n  o f  Al^O^ and 
m u ll i te  a t  950°C* The s tu d ie s  o f  th e  mechanism and tem p era tu re  o f  form ­
a t io n  o f  m u ll i te  a re  r e a l l y  numerous (81-100)* Most w orkers o bserved  
m u ll i te  on ly  a t  h ig h e r  c a lc in a t io n  tem peratu re*  a lthough  th e  tem perature; 
a t  which th e  fo rm atio n  s t a r t e d  has been  s t a t e d  to  Vary from 870°C to  
120G°C« P robab ly  t h e i r  o b se rv a tio n s  were l im i te d  by the  methods th ey  
app lied*  From th e  i£»ray s tu d ie s*  T av asc i(9 0 ) In d ic a te d *  and l a t e r  Hooksby 
and P a r tr id g e  (101) confirm ed th e  fo rm atio n  o f  m u ll i te  below  1000°C in  
a lu m in o -s il ic a te s #  ly s lo p  and &ooksby(9l)* B yslop(102)* In s le y  and E w ell(79)
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and Comeforo, F is c h e r  and B radley  (98) had a lso  s tu d ie d  th e  therm al change 
in  kaolin©  ty p e  m inera ls*  and came to  th e  co n c lu s io n  th a t  a f t e r  
decom position o f  these*  AlgO^ appeared  as a t r a n s ie n t  phase* h u t th a t  
m u ll i te  and e r i s t o b a l l i t e  c r y s t a l l i s e d  a t  h ig h e r  te m p e ra tu re s , fhough 
}£-ray s tu d ie s  had  Been used  f o r  the  q .u a n tita tiT e  d e te rm in a tio n  o f   ^
m u llite *  th e re  were many f e a tu re s  n o t f u l l y  u n d ers to o d  due to  th e  abundance 
o f  l in e s  and a d d i t io n a l  te x tu re  e f f e c t s .  . Budnikov and M eehe& lov-Fetrosyan 
(103) from t h e i r  s tu d y  o f  alum ina -  s i l i c a  system  (h e a tin g  u n d e r d i f f e r e n t  
p re s su re s )  d e sc r ib e d  s i l l im a n i t e  as ih© on ly  s t a b l e  l a t t i c e  and rem arked 
m u ll i te  as a d e fe c t l a t t i c e  due to  th e  e f f e c t  o f  im p u r itie s*  . fhey  n o te d  
th a t  m u ll i te  d is in te g r a te d  a t  1200° C to  1400°0 in to  ox id es  o r  in to  
s i l l im a n i te  and oxide I  A fte r  h e a tin g  th e  s y n th e t ic  m ix tu re  a t  X ^ 0 ° 0 f 
th ey  found on ly  s i l l im a n i te *  corundum and a  l i t t l e  c r is t© h a li te *  and a f t e r  
h e a tin g  fo r  1 h o u r to  1650°C, they  found s i l l im a n i t e  and corundum.
Beoent work o f  Heuhans and B ic h a rtz (l0 4 ). confirm ed th e  c r y s t a l l i z a t i o n  o f  
m u ll i te  from a c r y s t a l l i n e  phase p ro g re s s iv e ly  changing  th rough  a  s e r i e s  
o f s o l id  s o lu t io n s  when th e  c o o lin g  r a t e  o f  th e  h e a te d  m ix tu re  o f  - ^ 2^3 
and SiGg ( 3/ 2) was slow ed down to  grow s in g le  c r y s ta l s  o f  m u l l i t e .  W ith 
in te n s e ly  coo led  sam ples they  o b ta in e d  a  c r y s t a l l i n e  phase o f th e  
com position  o f  211^0^.S iO ^. M u lli te  w ith  e i t h e r  o f  th e  ex cess  o x id es  were 
the  on ly  phases form ed. Compositions. o u ts id e  th e  range o f .2;! o r  3 :2  gave 
no s o l id  s o lu t io n ,  n e i th e r  any c r y s ta l  o f  th e  com position  I s l  n o r  any 
e u te c t ic  c o n ta in in g  78$ alum ina re p o r te d  by Toropov and G alakhov(lQ3) has 
been w e ll s u b s ta n t ia te d  y e t .  B eoently  Aramaki and Soy(106) * d u rin g  a
s tu d y  o f  th e  CaO-AlgG^SiOg system  confirm ed th e  p resen ce  o f  a  congruent 
m e ltin g  p o in t  o f  m u ll i te  and th u s  p a r t i a l l y  confirm ed th e  su g g es tio n  i 
o f Toporov and Galakov, They su g g es ted  a r e v is e d  eqLuilihrlum diagram  
o f th e  a lu m in a -s i l ic a  system  ( F i g , l . ) ,  which i s  a  d e f in i t e  improvement 
on the  e x i s t in g  diagram o f  Bowen and Oreig* Although no s i l i c a  s o l id  
s o lu t io n  in  m u ll i te  has y e t  Been co n v in c in g ly  p ro v ed , th e  p o s s i b i l i t i e s  
o f  i t s  e x is te n c e  cannot he ru le d  out* l e c e n t ly  T a y lo r(107) has n o t ic e d  
f r e e  c r is to b a l i t®  in  th e  f i r e d  a lu m in o -s i l ic a te s  a lo n g  w ith  on ly  
m u l l i t e ,  when a lum ino**silieate  m a te r ia ls 1 c o n ta in in g  about 73$ alum ina 
and a l k a l i  ox ide as l i t t l e  as 1 *5$ ,  were f i r e d  w e ll above th e  rn u lli-  
t i z a t i o n  tem perature*:' :-;,
IX«8 *2* S e a r l e ( l08) summarized th e  expansion  and o th e r  p r o p e r t ie s  
o f m u ll i te  form ed from d i f f e r e n t  s o u rc e s .
9* - N a tu ra l A lu m in o -s ilie a te sg  :
I I . 9*1. The id e a  o f  ap p ly in g  n a tu r a l  a lu m in o -s ilio a t©  m in e ra ls  o f  
com position  AlgO^.SiOg, as raw  m a te r ia ls  f o r  r e f r a c to r i e s  i s  r e l a t i v e l y  
modem(10^-114) # Halm(115) d e sc r ib e d  in  d e t a i l  th e  p a r t  p la y ed  by ; ,
AlgO^ in  AlgO^-SiOg r e f r a c t o r i e s ,  as w e ll as th e  h e trogeneous l iq u id  
phase formed in  them , The v a r ia t io n  o f  p y ro m etric  con® e q u iv a le n t 
in  the  a lu m in a - s i l ic a  system  was observed  by F a i r c h i ld  and P e te r s (1 1 6 ),
I I . 9 . 2 .  While w orking on th e  fo rm atio n  o f  m u ll i te  S h o r te r ( l l7 )  
concluded t h a t  th e  fo rm atio n  depended on (a )  p ro d u c tio n  and p r o p e r t ie s  
o f  g la ssy  phase and (b) tim e and tem p era tu re  o f  f i r i n g .  On th e  e f f e c t
o f he s a id  th a t  the  ex cess  ©f a lum ina , ov er th e  t h e o r e t i c a l  m u ll i te
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com position , though some com bination m i # t  he induced  i n i t i a l l y  w ith  th e  
h igh  s i l i c a  e u te c t ic  d u rin g  h e a t in g ,  a t  th e  tem p era tu re  o f m u ll i te  
fo rm ation  a l l  th e  s i l i c a  formed in to , m u l l i t e ,  h u t th e  g ra in s  were 
exceed ing ly  s m a l l ,  s in c e  v i r t u a l l y  no l i q u id  phase was p r e s e n t ,  and hence 
the  c r y s ta l s  had  l i t t l e  chance to  grow? a lso  th e  In te r lo c k in g  n eed le  
s t r u c tu r e ,  to  which th e  m u ll i te  r e f r a c t o r i e s  owe most o f  t h e i r  s t r e n g th ,  
was n o t b u i l t  up* K ra n e r ( l lS )  n o tic e d  t h a t  Al^O^ -  m ix tu re s , w ith
AlgO^ c o n ten ts  g r e a te r  th an  th e  m u ll i te  com position  had d ecreased  
p l a s t i c i t y  u n der lo a d , and th e  f i r e d  p ro d u c t m ight c o n ta in  some A ljP^ 
in  s o l id  so lu tio n *  With le s s  than  14$ SiOg alm ost a l l  th e  c r y s t a l l i n e  
p o r t io n  seemed to  be corundum, th e  m u ll i te  was I n t e r s t i t i a l  and fin© 
g ra in e d . - •
10* A lk a li  ox ide «» Alumina -  S i l i c a  Systems .
11*10*1. Bowen and S c h a i r e r ( l l9 )  s tu d ie d  th e  system s Ha^O -  Al^O^ -  
SiOg ( F ig .2) and K^O -  ^ 2^3 *  ^ ^ 2  Xn' th e  sodium oxide alum ina
s i l i c a  system  th e  compound Ha^O.AlgO^^SiQ^ gave two c r y s t a l l i n e  form3 , •  
n ep h elin e  ( s ta b le  below 1254 -  5°^ ) nnd e & m e g ie ite  (from  1254°G to  
1526 1 2°G, i . e . ,  i t s  congruen t m e ltin g  p o in t)*  O reig  and B a r th (l2 0 ) 
have shown th a t  bo th  o f  th e se  to o k  up l im i te d  amounts o f  a lb it©  
(NagO.AlgO^.dSiOg) in  s o l id  so lu tio n *  In  th e  po tassium  ox ide  -  a lum ina -  
s i l i c a  sy stem , l e u c i te  (K^O.Al^O^^SiOg) m elted  co n g ru en tly  a t  1686 t  5°C 
and showed an in v e rs io n  above 600° C ( l2l ) .  Ho s o l id  s o lu t io n  was found .
The v ery  f l a t  s u r fa c e  o f  p rim ary  c r y s t a l l i z a t i o n  o f  o r th o e la s e  (o r
tem peratu re  in  th e  a d jac e n t m u ll i te  f i e l d  were p a r t i c u l a r ly  c h a ra c te r ­
i s t i c *  In  both  th e  system s in  th e  p rim ary  phase f i e l d  on ly  corundum 
was p re s e n t a t  th e  l iq u id u s  te m p e ra tu re , S h e l to n ( l22) d isc u sse d  th e
KJ3~Al_0.*810,3 system  w ith  s p e c ia l  re fe re n c e  to  th e  e u te c t ic  l iq u id  2 2 j  2
a t  985°G 1 2D°C and th e  q u a n tity  o f  d i f f e r e n t  phases p roduced . I t  
was q u ite  e v id en t th a t  th e  d e n s i t ie s  o f  most s i l i c a t e s  were le s s  in  ,
th e  v i tr e o u s  s t a t e  th an  in  th e  c r y s t a l l i n e  c o n d itio n  (1 2 3 ), The 
problem s, why c a r n e g ie i te ,  when p u re , tra n sf© re d  slow ly  to  n ep h elit©  7 
(HaAlSiO^) below l24S°Gf and  why I t  was so d i f f i c u l t  to  o b ta in  s in g le  
c r y s ta l s  of n e p h e l i te ,  were a t t r i b u t e d  by Washken and B uerger(124) to  
the f a c t ,  t h a t  th e  com position  o f  HaAlSiO^ was fo re ig n  to  n ep h e liteV  
On th e  o th e r  hand a d d itio n s  ©f sodium alum ina te  to  C a m e g le lte  s t a b i l i s e d  
i t (1 2 5 ), and made i t  an is o m e tr ic  c r y s ta l  p h a s e ( l26) ,  Kraus© and W ohner(l27) 
de term ined  th e  s o lu b i l i t y  o f  s i l i c a  and alum ina in  th e  c a lc in a t io n  
p ro d u c ts  o f  kao lin© , The change in  k a o l in i t e  groups a t  980°$  showing 
an exotherm al e f f e c t ,  had been a sc r ib e d  to  th e  fo rm atio n  o f  m u l l i t e .
The ap p aren t d ecrease  in  amount o f  m u ll i te  formed from a  sequence o f  
k a o l i n i t e s , e x h ib i t in g  in c re a s in g  d is o rd e r ,  was in te r p r e te d  by Jo h n s(128) 
as a decrease  in  c r y s t a l l i n l t y  (o r  in c re a s e  in  d is o rd e r )  o f  com parable 
amounts o f  m u l l i t e ,  * • -
11,10 ,2*  E n g lis ( l2 7 )  has shown th a t  th e re  was a  c o n s id e ra b le  in c re a s e
in  v is c o s i ty  l a  sodium s i l i c a t e  g la s se s  c o n ta in in g  0-<9*5$ alum ina 
a t  10Q0°0* A ccording to  Salmang and E ittg e n (8 $ )  and Ii©ng(l3G) th e  form­
a tio n  o f  g la ssy  ground mass in  th e  body was th e  p r in c ip a l  re a so n  f o r  the  
anom alies o f  th e  therm al expansion  cu rves between 700° C and 80Q°C, and 
they e x p la in ed  them by th e  tra n s fo rm a tio n  e f f e c t  o f  th e  g la ss*  fhe  h ig h  
v is c o s i ty  o f  th e  th in  g la ssy  phases in  th e  ground mass were dem onstrated  
by C hesters and Bees (131)* Thompson and Parm elee (132) m easured th e  the rm al 
expansion o f  th e  g la s s  in  th e  system  SiO^-AlgO^. Parm slea and E o d rig u ea (8 8 ), 
and F e s e le r  and N a v ra t ie l( l3 3 )  d isc u sse d  th e  in f lu e n c e  o f  m in e ra liz in g  
a d d itio n s  on th e  m u lli t iz & tio n  p ro c e s s , and m entioned sodium , p o ta ss iu m , 
tita n iu m  and t i n  oxide were n o t v e ry  a c tiv e *
11*10.3* K ran er(118) d isc u sse d  th e  m in e ra l fo rm ers by a d d itio n s  to  
fu se d  m u ll i te  and s t a t e d  t h a t  th e  a lk a l i  enhanced th e  p rim ary  c r y s t a l l ­
iz a t io n  o f  corundum* Clews, G reen, and G reen (l34) w h ile  in v e s t ig a t in g  
the a c tio n  o f  a lk a l ie s  on r e f r a c to r y  b r ic k s  found th a t  above 1000°C, th e  
alum ina e n ric h e d  ones d is in te g r a te d  by th e  a b so rp tio n  o f  th e  v apour 
(even a t  $00°C) from  a l k a l i  s i l i c a t e s .
11*10.4* I»yle(135) m entioned th e  low v is c o s i ty  o f  sodium  s i l i c a t e  
g la s s  (SiQ2<~78$) i?ihich flow ed o v e r corundum o r  m u ll i te  and r e a c te d  w ith  
i t *  In  th e  sodium s i l i c a t e  -  aluminium s i l i c a t e  sy stem , o n ly  corundum 
and n e p h e li te  form ed, as a l b i t e  was very  d i f f i c u l t  to  c r y s t a l l i z e .  W ith 
in c re a se d  amount o f  a lk a l i  ox ide  in  th e  system , c a m e g ie i te ,  would be 
added to  th e  o th e r  c r y s t a l l i n e  phases formed*
1 1 .1 0 ,5 *  S k o l a ( l 3 6 )  o b s e r v e d  t h a t  i n  t h e  p r e s e n c e  o f  a l k a l i e s  
m u l l i t e  m e l t e d  i n c o n g r u e n t l y  f o r m in g  co ru n d u m  a n d  a  s i l i c e o u s  l i q u i d  
a t  t e m p e r a t u r e s  a s  lo w  a s  14Q0°C, 3 S i te l ( 1 3 7 )  s a i d  t h a t  t h i s  w as d u e  t o  
t h e  a l k a l i - i o n  i n f i l t r a t i o n  i n  r e l a t i v e l y  o p e n  s t r u c t u r e  o f  i s u l i i b e *
O ther o b se rv e rs  (138-142) a lso  n o tic e d  th e  breakdown o f  n ru ll i te  a t  
com paratively  low te m p e ra tu re s , in  th e  p re sen ce  o f  a  sm all amount o f  
a l k a l i .  Gad and B a r re t( l3 8 )  m entioned t h a t  when two sam ples o f  same 
co m p o sitio n , one w ith  m u ll i te  and 4^^ Ea^O, and th e  o th e r  w ith  Al^O^, 
SiO_, and 4*$$ 0 were h e a te d , th e  f i r s t  d id  n o t d is s o c ia te  c o m p le te ly ,
even a f t e r  $00 hours a t  1150°C /ll70°C , b u t th e  second showed on ly  
corundum in  th e  c r y s ta l l in e  form . I t  w ould1 be a p p ro p r ia te  to  m ention 
h e re , th e  work o f  V/eynmouth and W illiam son(143) who su g g es te d  from t h e i r  
m icroscop ic  s tu d y  o f  f i r e d  c lay  m in e ra ls  t h a t  th e  c r y s t a l l i z a t i o n  ©f 
m u ll i te  took  p la c e  d u rin g  e o o lin g  o n ly ,
1 1 ,1 0 ,6 . D uring t h e i r  X -ray  d i f f r a c t io n  study  ©f a lu m ia o - s i l ic a ie  
system  Shears and A rch ib a ld  observed  the  p e c u l ia r  a c t io n  o f  Ha+ and K* 
io n s  on th e  s t ro n g  c r i s t o b a l i t e  l in e  (* d f * 4 .0 4 ) in  th e  sy stem . I t  
appeared  very  f a i n t l y  w ith  and s c a rc e ly  p e rc e p t ib le  w ith  Ba^O 
(bo th  l £ ) w h e r e a s  o th e r  ox ides show them d i s t i n c t l y ,  They a lso  
m entioned th e  e f f e c t  o f  f i r i n g  tim e on th e  m o u n t o f  m u l l i t e  form ed.  ^
1 1 . Summary and D iscu ssio n ?
1 1 .1 1 .1 . On f i r i n g  m ix tu res  ©f alum ina and s i l i c a ,  in  r e l a t i v e l y  
pure form , and in  th e  absence o f  any a l k a l i  o r  ti ta n iu m  io n s ,  a  h ig h ly  
c r y s t a l l i n e  phase (m u ll i te )  was form ed, which ag a in  decomposed to
3 1
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corundum and s i l i c a  g la s s  a t  very  h i #  tem p era tu re  ( ^  1700°^* The j
m u l l i te ,  vdien form ed, has been n o ted  to  d i f f e r  in  co m p o sitio n , which 
had been a t t r i b u t e d  to  i t s  l im i te d  c a p a c ity  o f ta k in g  a lum ina in  s o l id  
s o lu t io n ,  There was no p ro o f o f  an y th in g  s im i la r  happening  w ith  s i l i c a ,  
a lthough  th e  p o s s i b i l i t y  o f  some s i l i c a  rem ain ing  in  th e  fu se d  m u ll i te  
in  a  d isp e rse d  foxm (and hence in c re a s in g  i t s  v i s c o s i ty  as w e ll as 
s tre n g th )  has been m entioned. S tu d ies  have been made o f  th e  e f f e c t s  o f  
d i f f e r e n t  m e ta l l ic  ox ides on th e  fo rm atio n  o f  m u llite*
1 1 .1 1 .2 . A lthough X -ra y  p a t te r n s  have in d ic a te d  th e  s t a r t  o f  m u l l i te  
fo rm atio n  a t  a  tem p era tu re  as low as $oQ C, q u a n t i ta t iv e  o p t ic a l
. . . j
o b se rv a tio n s  o f  m u ll i te  have been l im i te d  to  h i # e r  c a lc in e d  p ro d u c ts ,
The fo rm atio n  o f  m u ll i te  which i s  p ro b ab ly  s t a r t e d  a t  about 1008°C, and 
p roceeded o v e r a range o f  te m p e ra tu re , i s /o n  th e  f lu x in g  im p u r it ie s  p r e s e n t ,  , 
and governed by th e  phase diagram  o f  th e  c o n s t i tu e n t  m a te r ia ls .  The 
r a t e  o f  r e a c t io n  was com p ara tiv e ly  slow  a t  low tem p era tu res  and a lthough  
m u ll i te  was th e  s ta b le  form o f  f i r e d  a lu m in o - s i l ie a te ,  th e  r a t e  o f  r e a c t io n  
was governed by th e  s o l id  s t a t e  r e a c t io n  o n ly , as no l i q u id  phase was 
expected  to  be p re s e n t a t  tem p era tu res  below 1595°
11. 11 . 3. I t  was in te r e s t in g  th a t  n e i th e r  o p t ic a l  m icroscopy n o r th e  
X -ray d i f f r a c t io n  p a t te r n s  d e f in i t e ly  in d ic a te d  th e  p re sen ce  o f  any 
m u ll i te  s t r u c tu r e  o r  c r y s ta l s  (o r  any new c r y s ta l l in e  p hase) i&hen excess 
( y  90$) o f  corundum was p re s e n t  in  th e  f i r e d  p r o d u c t ( l l4 , 117) ,
1 1 .1 1 .4 . The p resen ce  o f  a l k a l i  io n s  enhanced th e  d e p o s it io n  o f
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corundum from m u ll i te  a t  com parative ly  low tem p era tu res  "by low ering  
i t s  decom position tem peratu re*  b u t th e  breakdown re q u ire d  very  lo n g  
p e rio d s  to  reach  com pletion* But i f  th e  alum ina and s i l i c a  m ix tu re  
(o f m u ll i te  p ro p o r tio n )  was f i r e d  in  p re sen ce  o f  a l k a l i  ox ides*  on ly  
corundum and a  g la s s  were formed* b u t no m u ll i te  o r  any o th e r  c r y s t a l l i n e  
.phase was noted* •'
11*11*5 * Ho a ttem p t has been made to  c o r r e la te  th e  in f lu e n c e  o f  
sm all amounts o f  a lk a l ie s  on p h y s ic a l p ro p e r t ie s  o f  corundum o r  n a tu r a l  
a lu m in o ^ s il ie a te  r e f r a c to r ie s *  d u rin g  th e  fo rm ation  o f  e i t h e r  m u l l i t e ,  
o r  the  'a l k a l i  oxide. ** s i l i c a  *■ alum ina mixed phase* Some, w orkers have 
in d ic a te d  th e  p o s s i b i l i t y  o f  d ec rease  in  s t r e n g th  o f  th e  m u ll i te  
s t r u c tu r e  in  p resen ce  o f  ex cess  alum ina* D if fe re n t  s i n t e r in g  th e o r ie s  
could  n o t in d ic a te  th e  com plete p ic tu r e  o f  th© bond which was re s p o n s ib le  
fo r  th e  developm ent o f  s t r e n g th  in  th® f in i s h e d  ware*
11*11. 6 * th e  work was th e re fo re  p lan n ed  to  compare th e  p h y s ic a l 
p ro p e r t ie s  o f  th e  bond* 3n  th® absence o f  any a p p re c ia b le  p re s su re  
a p p lie d  d u rin g  form ing th® t e s t  p iece s*  th e  p h y s ic a l c h a r a c t e r i s t i c s  
developed would be p redom inan tly  th a t  due to  th e  bond developed a f t e r  
f i r in g *  B e i th e r  r e c r y s t a l l i s e d  alum ina n o r c a lc in e d  a lu a in o ~ s i1ioat@ s 
were ex p ec ted  to  undergo any phase tra n s fo rm a tio n  up to  14QG0 C and so 
an a ttem p t to  c o r r e la te  th e  therm al b eh av io u r and o th e r  p h y s ic a l  p r o p e r t ie s  
o f  a lk a l i  s i l i c a t e s *  and pu re  s i l i c a  bonded alumina* and alum ino- 
s i l i c a t e s *  m ight throw  new l i g h t  on some o f  th® c h a r a c t e r i s t i c s  o f  th e  
developed bond.
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Pr e l i mi nar?/ Experim ents :-: A - . . . , v .
In tro d u c tio n s  /■( ; : 1
IXX.I*!* I n i t i a l l y  i t  was n e ce ssa ry  to  have an in d ic a t io n  o f  th® s, 
p o ss ib le  b eh av iou r and p h y s ic a l p r o p e r t ie s  o f  f i r e d  a lu m n a  and a lum ino- 
s i l i c a t e  r e f r a c to r ie s *  The in te n t io n  o f  p roducing  th e se  r e f r a c to iy  
m a te r ia ls  a t  low er tem p e ra tu res  th an  th e  s in te r in g  tem p era tu res  o f  pu re  
oxides? su g g es ted  th e  use  o f  a  s i l i c a t e  bond*
Procedure and E xperim ental R e su lts ; .
I l l *11*1* fh e  room tem p era tu re  t r a n s v e r s e  b re a k in g  s t r e n g th  was 
expected  to  in d ic a te  th e  s t r e n g th  o f  th e  f i r e d  r e f r a c to r ie s *  The s t r e n g th s  
were de term ined  f o r  b o th  alum ina and a lu m in o -s ilic a t®  r e f r a c to r i e s  i n i t i a l l y  
u s in g  s i l i c a  a s  a  bond. The s i l i c a ?  produced by h y d ro ly s is  o f e th y l  ; 
s i l i c a t e  w ith  a c id  a s  a  e a t a i y s i ,  was c o n s id e re d  s u i ta b le ?  a s  i t  gave 
a lk a l i  f r e e  s i l i c a ,  a s  w e ll  a s  a  c o n tro l le d  g e l l in g  ra te #
1X1.11*2. The specim ens were in  th e  shape o f  re c ta n g u la r  b lo ck s  4 i» s*  
x  •§■ in* x  J  in * ,  and p re p a red  by co ld  c a s t in g  te c h n iq u e . A f te r  a i r  d ry in g  
and p r e f i r i n g ,  a t  700°C, t e s t  p ie c e s  were f i r e d  a t  h ig h e r  te m p e ra tu re s , 
and a t  each  te m p e ra tu re , 9OO°0, 1200°C, 1400°C, t e s t  p ie c e s  w ere w ithdraw n 
a f t e r  a  soak ing  p e r io d  o f  30 m in u tes , and th en  coo led  in  a ir*  The 
r e s u l t s  a re  g iv en  in  Table 1# :j
X II#11*3* Some th e m a l  shock t e s t s  were done on th e  s i l l im a n i t e  t e s t
p ie c e s , and in  th e se  th e re  was a  ra p id  f a i l  i n  b reak in g  s tre n g th *  When 
20fo r e e ry s ta l l i& e d  alum ina was added to  th e se  th e  marked d ec rea se  in  
s tre n g th  was absen t*  ( f a b le  *- 2}•
M ate ria l" tem p e ra tu re  o f  
• f i n a l  f i r i n g
B reak ing  s t r e n g th s . 
in  lb s*
Alumina u n f ir e d 20,' 19 , 20*
900°c 20, 21, 20 .
i 20o°e 55* 54, 60*
1400°s 140, 170, 140*
S il l im a n ite  20$ alum ina ■. un fired .- 6 , . ' ■ ■ 9 ,  ' - 6 *
900°C 7* 9 , ■ -6 *
1200°C 35, . ’ 32, : 30*
:1400OC 70, 60 , . 65 .
S i l l im a n ite  ( s p e c ia l ) i4oo°e 145* ■ I P ,  , 145.
fa b le  -  1* Boom tem p era tu re  t r a n s v e r s e  bend s tre n g th  of some t e s t  p iece s*
M a te r ia l Bend s t r e n g th  a f t e r  therm al shocks o f  ( in  !t>s.*).......J0 r e v e r s a l 5 r e v e r s a ls 10 r e v e r s a ls 20 r e v . 30 r e v .
S i l l im a n i te  ( s p e c ia l )  
S i l l im a n ite  20$ alum ina
■■ 139 
74
"  32 1 
69
22 .9
5^*7
14*9
54*2
1 0 .0  
4 0 .2  1
f a b le  ** 2 * Besult®  o f  th e im a l shook t e s t s  a t  1100°C
' I I I  t i l  *4 * : An approxim ate measurement o f  th e  d i l a t i  on c h a r a c te r i s ­
t i c s  o f  the  r e f r a c to r i e s  w a s 'o b ta in e d  by d i r e c t l y  re a d in g  th e  ex p an sio n , 
which was t r a n s f e r r e d  from th e  specim en to  th e  d i a l  gauge by a  combina­
tio n  o f s i l i c o n  c a rb id e  and alum ina rods* l?he arrangem ent had obvious 
drawbacks w hich were su b seq u en tly  remedied* .
D iscussion  and Q onclueions .
111. 111*1* The above experim en ts  p o in te d  ou t th a t  th e  b eh av io u r o f  
th ese  h igh  tem p era tu re  r e f r a c to r i e s  was w orth  In v e s t ig a t in g  even a t  a  
tem perature  between 1000°0 and 1400°C* I n  th e  e ase  o f  molochit®
(c a lc in e d  ch in a  c la y ) ,  c a lc in e d  k y a n ite ,  o r r e c r y s t a l l i s e d  a lum ina, 
which had a lre a d y  been f i r e d ,  no phase change would be ex p ec ted  a t  th e se  
tem p era tu res ,' a s  i t  m ight be assumed th a t  a l l  th e  p o s s ib le  the rm al 
changes in  them had a lre a d y  taken  p lace*  The changes i n  p ro p e r t ie s  
must be due to  th e  bond, and a  sy s te m a tic  s tu d y  o f them sh o u ld  in d ic a te  
th e  a c tu a l  b eh av iou r o f th e  r e f r a c to r i e s  a t  o th e r  tem pera tu res*  The 
fo llo w in g  t e s t s  were s e le c te d  f o r  th e  study*
I I I . I I I ,2 .  The room tem p era tu re  bend s tr e n g th  was determ ined  as  
b e fo re  w ith  d i f f e r e n t  therm al tre a tm e n ts*  To t h i s  was added t h e i r  
r e f r a c to r in e s s  under lo a d  b o th  a t  in c re a s in g  tem p era tu re  w ith  c o n s ta n t 
lo ad  and a t  c o n s ta n t tem p era tu re  w ith  c o n s ta n t lo a d , and d i l a t i o n  
c h a r a c t e r i s t i c s ,  de term ined  w ith  an improved ap p ara tus*  The m ie ro - 
s t r u c tu r e s ,  b o th  under r e f l e c t e d  l i g h t  and tra n s m it te d  l i g h t  and th e  36-ray 
d i f f r a c t io n  p a t te r n s  o f  th© te s t e d  m a te r ia ls  w ere th e n  s tu d ied *  l a s t l y ,
a  lim ite d  chem ical s tudy  o f  th e  amount o f  amorphous (n o n - c r y s ta l l in e )  
bond developed was made# .
111*111*3 * To compare th e  p ro p e r t ie s  o f  th e  r e f r a c to r i e s  w ith  
d i f f e r e n t  bonds, e th y l  s i l i c a t e  and two a l k a l i  s i l i c a t e s  were used#
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1-C, Experim ents 
■Sectio n . * * ■ ; % * -  D e ta i ls  end p re p a ra t io n  o f  specim ens, 
general. C o n sid e ra tio n s  o f  th e  m a te r ia l  :--
X V .1,1. (a )  S th y l s i l i c a t e  ~ Commercial e th y l  s i l i c a t e ,  a  tu r b id  
yellow liq u id *  produced a  s tro n g  gel-wihen added to  r e f r a c to r y  o r  ©lay 
m a te r ia ls .  The tim e o f  g e la t io n  depended on a c i d i t y ,  s o l id  c o n te n t and 
tem perature o f th e  s o lu t io n .  As i t  was d e s ir e d  to  employ o n ly  s i l i c a  
the  so  c a l le d  p o ly s i l ic a t©  was u sed , and t h i s  c o n ta in in g  more s i l i c a  
than th e  norm al e th y l  s i l i c a t e ,  ih e n  decomposed y ie ld e d  abou t 400 gms, 
of pure s i l i c a  p e r  1000 ©*©• o f  th e  s o lu t io n ,  T h is  po lym erized  form 
o f e th y l s i l i c a t e  a ls o  gave improved g e l l in g  c o n tro l  ( 144)*
I f , 1 ,2 .  (b ) A lk a li  s i l i c a t e  -  The term  1 a l k a l i  s i l i c a t e *  em braces 
mixes o f  th re e  com ponents, *• s i l i c a ,  a l k a l i  o x id e , and w a te r .  Xt was 
p o s s ib le  by v a ry in g  th e  p e rc e n ta g e s  o f  th e se  th r e e  components to  o b ta in  
a  range o f  m a te r ia ls  w ith  a  w id e ly  d i f f e r e n t  range o f  p h y s ic a l  c h a r a c te r i s ­
t i c s  . The s i l ic a /s o d iu m  oxide r a t i o  f o r  s ta b le  sodium s i l i c a t e  l iq u id s  
wJ4 l e s s  th a n  4/ 1 * and th e  v i s c o s i ty  in c re a s e s  w ith  h ig h e r  s i l i c a  c o n te n t 
( 62) ,  Due to  h y d ro ly s is  th e  a l k a l i  s i l i c a t e s  gave an a lk a l in e  r e a c t io n  
because o f th e  excess  o f  OS*” ions* When a c id  was added th e  e q u ilib r iu m  
was d is tu rb e d  p roducing  a h ig h e r  s i l ic a /s o d iu m  oxide r a t i o ,  w ith  an in c re a s e  
in  v i s c o s i ty  and p r e c ip i t a t io n  o f th e  excess s i l i c a  i n  th© form  o f  s i l i c i c  
a c id .  From th© phase diagram s i t  was quit©  ap p aren t th a t  b o th  lagO and % 0
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formed a number o f  s i l i c a t e s ,  "but th e  m e ltin g  p o in t  o f  each depended 
on the w a te r  p re s e n t (14$)* A lk a li s i l i c a t e s  on a i r  drying  formed a  
c ru s t ,  which s topped  m y  fa r th e r  evaporation o f  th e  w a te r  “below i t #
$he a c tu a l s i l i c a t e s  used  were sodium m e ta s i l i c a te  and fu se d  po tassium  
te t r a s  i l l  c a te ,  d is so lv e d  in  d i s t i l l e d  w a te r , w ith  r e q u ire d  amount o f 
pure s i l i c a  powder* to  make up th e  s i l i c a  co n ten t#  Both were 
lab o ra to ry  q u a lity #  The g e l a t i n i s a t i o n  o f  h y d ro so ls  o f  s i l i c i c  a c id  
had been w ide ly  s tu d ie s  ( 145) «
IVM*3# (c )  S i l i c a  powder ~, f h i e  was a  la b o ra to ry  q u a l i ty  powder*
(d ) R e fra c to ry  m a te r ia ls  -  The fo llo w in g  r e f r a c to r y  m a te r ia ls
were use&s—
M a te r ia l Chemical <3omp< Grades (B .S .S .)
Alumina AlgpA ~ 99. % -  10 ♦ 30
S i0 2 - 0 .2% «. 30 + 80
la^D 0 . 20f* -  50 '
CaO 0.045*
; FegOi ** ; o.oljC
M olechito AlgQ3 ■m*- 4 3 .2 7 $ ' -  8 ♦ 30
SlOg -  ’ 53.645* -  16 + 60
TiOg •N9* O.Q55*
Fe2°3 0 . 785*
CaO T 0 . 06,2
- MgO - 0.14$
k2o 1.44;*
M a te r ia l ' ■ Ghemloal com position  , '  g r ades (B ag .S .)
( i i i )  Xyanit© AlgO^ -  — XGG
f i 0 2
&e 2°3
X .%
0 . 7 #
;:0 * 0 #  : . r .  „ /
36*65$ ( by d if f e r e n c e )S i0 2
Procedures ' y ' ■• 1 -,v -y-y;
I V , I ,5* S te e l  moulds were u sed  f o r  c a s t in g  th e  specimens* 
sim p lify  s t r i p p i n g  th e  moulds w ere alw ays u sed  c le a n ,  and p a r a f f in  
spray was u sed  f o r  mould wash* For v ib r a t io n  a  iC hroforsa V ib ra to r*  
was u sed , -The ag g reg a te s  w ere w eighed f o r  on® c a s t in g  and mixed d ry  
fo r  about one m inu te , th e  s o lu t io n  was th e n  added and th e  m ixing 
con tinued  f o r  a n o th e r  minute* fh e  m ix tu re  was th e n  poured  in to  th e  
c lean  v ib r a t in g  mould, and th® v ib r a t io n  was co n tin u ed  f o r  2 m inutes*
The v ib r a t io n  tim e was de term ined  by t r i a l  -  too  much v ib r a t io n  s p o i l t  
bo th  th e  i n i t i a l  g e la t io n  and d is tu rb e d  th e  d i s t r i b u t io n  o f  th e  d i f f e r e n t  
s iz e d  a g g re g a te s , w hereas too  l i t t l e  v ib r a t io n  would n o t produce th e  
maximum pack ing  d en sity *  Both w ere d e tr im e n ta l and produced th e  
e a s tin g s  w ith  no g re e n  s t r e n g th ,  A f te r  th e  v ib r a t io n  was o v e r th e  
c a s t in g  was l e f t  in  th e  mould f o r  i n i t i a l  s e t t in g  f o r  a  d e f in i t e  tim e 
(8  m inutes f o r  s i l l im a n i te  and 12m inutes f o r  alum ina) * When th© 
specim en was s tro n g  enough f o r  s t r ip p in g ,  i t  was tak en  o u t and a llo w ed
to  a ir - d r y  o v e rn ig h t * fk© s e t t in g  o f  alum ina s lu r r y  cou ld  be  enhanced 
by the a d d it io n  of 1 o r 2 drops o f  d i l u t e  HC1 ( 20^)*  b u t t h i s  was n o t 
found necessary*
I? # i* 6 * A f te r  d ry in g  o v e rn ig h t (abou t 15 to  18 h o u rs) th e y  were 
f i r s t  su b je c te d  to  p re lim in a ry  f i r i n g  a t  7O0°O* Only specim ens which 
were to  be t e s t e d  a s  1 f ire d *  w e r ^ u t  to  p re lim in a ry  f i r in g *  T h is  was 
done very  s lo w ly , and th e  tem p era tu re  was r a is e d  to  700°C in  about 8 
hours* Hext th ey  w ere f i r e d  a t  tem p e ra tu res  between 1GGQ°0 and 1400°0, 
as re q u ire d , i n  an e l e c t r i c  m uffle  furnace*  The fu rn a c e s  were checked
4* ©and found to  have a  tem p era tu re  c o n tro l w ith in  ~ 5 ®t a t  th e  maximum 
tem peratu re ,
1¥*I*7* The fo llo w in g  ta b le s  show th e  d e t a i l s  o f  th e  specim ens.
Some p re lim in a ry  t r i a l s  le d  to  th e  ad o p tio n  ©f th© m ix tu re  o f  d i f f e r e n t  
grades ( s iz e )  o f  a g g re g a te s , shown in  T able-4*
S o l u t i o n s T o t a l  s o l i d  i n  
1 0 0  c c .  s o l n *
T o t a l  l i q u i d  u s e d  p e r  
: 1 0 0  ©  '
E a t i o  o f  a l k a l i  
o x i d e / s i l i c a
A lu m in a S i l l i m a n i t e
e t h y l  s i l i c a t e 4 0 . 0 0  g a s * 1 0 . 0 0 c e 1 1 .7 0 C C ■ *.
so d iu m  s i l i c a t e
S o l n .  1 * 2 9 . 5 5  ■ 1 3 .3 5 C C I 6 * 6 0 c e 1 / 4
S o I n .  2* 2 5 * 5 0  3 * 1 3 * 3 .5 o o I 6 * 6 0 c c 1 / 3 . 2 5
S o l n .  3 . 1 6 * 8 0  g ^ S * 1 3 . 3 5 0 0 1 6 * 6 0 cg 1 / 2 . 5
p o t a s s iu m  s i l i c a t e
S o ln *  1 . 2 5 * 0 0  ©ms* 1 3 * 3 5 0 0 1 6 * 6 0 c o 1 / 4 . 2
S o ln *  2* 2 0 * 8 0  g r;s*  ■ 1 3 * 3 5 0 0 1 6 * 6 D e c 1 / 3 . 2 5
S o ln *  3* 1 7 * 2 0  ©Hi 3 . 1 3 * 3 5 0 0 l 6 * 6 0 c o 1 / 2 . 5
Tabl© — 3* D e t a i l s  o f  t h e  " b in d e rs  u s e d .
. M a t e r i a l g r a d e s  u s e d $  b y  w e ig h t ITamey u s e d M ix* H o.
A lu m in a ' ~  10 4 30' V  25 $ V  . : . . . . . . . . . . . .
A lu m in a -  30 *+ 80 25 i  ■
A lu m in a ** .90 ■ 5051 A lu m in a * a f
M o lo c h it® ~ 8 + 30 2 2 .3 /  '
1 1 ri. 1 1^ [
M o lo c M te 16 -4* 60 3 3 .3 /
K y a n i te -  100 5 5 .f i/ S i l l i m a n i t e «b»
fahle -  4 . D etails o f the mixtures o f d ifferen t grades o f  aggregates.
4.5
M ate ria l Mix* 
Ho *
S o lu tio n  used Soln*
Ho.
A d d itio n s R ef. Ho,
$  A l k a l i  oxide f  S i l ic a j
A lum ina *a* e th y l s i l i c a t e 2*0 Mix* 1 .
♦a* sodium s i l i c a t e 1 . 0*4 1*6 M ix ,; 3 .
*a» sodium s i l ie a t® 2 . 0*4 1 .3 M ix. 4 ,
*a* sodium s i l i c a t e
. h 0*4 l . q Mix. 5 .
♦a* po tassium  s i l i c a t e i . 0 .4 1*68 Mix* 6 .
*a* potassium  s i l i c a t e 2* 0*4 1 .3 M ix. 7 .
*a* po tassium  s i l i c a t e 3 , 0 .4 l .O M ix. 8 .
S il lim a n ite *b« e th y l  s i l i c a t e 2 .0 M ix. ' 9*
*b* sodium s i l i c a t e 1 . 0*4 1 .6 M ix. 11.
•
*b* sodium s i l i c a t e i t 0*4 1 .3 M ix. 12 .
♦b* sodium s i l i c a t e ■ ! • 0 .4 1 .0 M ix. 13 .
»b* po tassium  s i l i c a t e 1* 0*4 1 .68 M ix. 15.
*b* potassium  s i l i c a t e 2* 0 .4 1 .3 M ix, 16.
-■
*b* potassium  s i l i c a t e 3* 0 .4 1 .0 M ix, 17 .
fa b le  -  5 .  D e ta i ls  o f  th e  t e s t  p ieces*
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lam® I t s . lH;hyl sil-* ' ' ‘Sodium s i l i e a t # ' P otassium  s i l i c a t e  '
an icat©  soln* . s o l n . ■in CO. so!In* in  c c .
& in  c c . f o ,  1 . l o t ,  2 . ITo, 3* h o . i * l o .  2 , S o . 3 .
Alumina .60 ;.:.3.0 : 4*0 4*0 5*0 - 5 .0  = ■ 5 .0  • 5.0
g illim a n it# 45 ■ ■ 2 .25 3 .0 3.0. 3.6 3.8 3.8 3.8 ,
f a b l e  *»■ 6« D e t a i l s  o f  t h e  a e t u a l  q u a n t i t y  o f  t h e  s o l u t i o n  u s e d  pea? b a t c h .
S ec tio n  ■** IX. D ila t io n  c h a r a c te r i s t i c s  o f  th e  m a te r ia ls*
I n t r o d u c t i o n  i
I ? * X I , l t When h e a t e d  t h e  c h a n g e  i n  d im e n s io n s  o f  r e f r a c t o r y  m a t e r i a l s  
may be r e v e r s i b l e  o r  i r r e v e r s i b l e .  f h e  i r r e v e r s i b l e  c h a n g e s  c o u ld  b e  d u e  
t o  p l a s t i c  s o f t e n i n g ,  p a r t i a l  v i t r i f i c a t i o n ,  b l o a t i n g  o r  s t r u c t u r a l  c h a n g e .  
I n  t h e  e a s e  o f  g r e e n  m a t e r i a l s  t h e  c h a n g e  m ig h t  a l s o  b e  d u e  t o  s h r i n k a g e  
o f  th e  g e l s ,  o r  t h e  r e m o v a l  o f  w a t e r  o f  c r y s t a l l i s a t i o n ,  . ; Q f c o u r s e ,  t h e  ‘ 
l a s t  tw o n o r m a l ly  o c c u r r e d  a t  c o m p a r a t i v e l y  lo w  t e m p e r a t u r e s ,  b e f o r e  a n y  , 
s t r u c t u r a l  c h a n g e ,  o r  s o l i d  s t a t e  r e a c t i o n  to o k  p l a c e *  I n  m o s t c a s e s  
e i t h e r  a l l  o r  a  num b er o f  th em  p l a y e d  p a r t ,  a n d  t h e  i r r e v e r s i b l e  c h a n g e  w a s  
t h e  a l g e b r a i c  sum o f  . th e ® .  ' ' f h e ' t e m p e r a t u r e  a t 'w h i o h ' t h © 'm a t e r i a l  b e g a n - t o ' 
show i r r e v e r s i b l e  c h a n g e s  i n  v o lu m e  d e p e n d e d  o n  t e x t u r e ,  f i r i n g  t e m p e r a t u r e ,  
o r  t h e  c h e m ic a l  c o m p o s i t io n .  D u r in g  th©  a c t u a l  p r o g r e s s  o f  t h e  h e a t i n g ,  
th©  i r r e v e r s i b l e  c h a n g e s  w&re s u p e r im p o s e d  on  i r r e v e r s i b l e  c h a n g e s ,  a n d  
p a r t l y  o r  c o m p le t e ly  m ask  th©  l a t t e r  a s  r e p o r t e d  b y  l e e s  (1 4 4 )  a n d  M e l l o r
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General C o n sid e ra tio n s!
XT, 11*2. G en era lly  when m easuring th e  therm al expansion  o f  a  <  
re f ra c to ry  m a te r ia l* i t  i s  u su a l to  measure* no t th e  volume in c rease*  
h u t only th e  l i n e a r  change* I t  must he no ted  t h a t  th e  i s o t r o p ic  
m a te ria ls  expand e q u a lly  in  a l l  d ire c tio n s *  w hereas a n is o t ro p ic  
m a te r ia ls  do n o t .  A nother im p o rtan t f a c t  i s  t h a t  th e  r e f r a c to r y  
m a te ria ls  do no t have an equal c o e f f ic ie n t  o f  th e rm a l expansion  over th e  
whole o f th e  range up to  fu s io n  p o in t ,
I?*XX*3 « Westman ( 14$) c l a s s i f i e d  a l l  th e  m ethods o f  m easuring  
therm al expansion  a s  d i r e c t  o r  i n d i r e c t ,  The d i r e c t  method a s  s ig h tin g  
th© a e tu a l  expansion  o f  th e  specim en by a  te le sc o p e  i s  not uncommon* 
whereas the  in d i r e c t  methods a s  in te r fe ro m e try  o r  arrangem ents i n  which 
the  expansion i s  t r a n s f e r r e d  to  a  m easuring in s tru m e n t by a  push ro d  a re  
gain ing  im portance a t  p re sen t*  Here th e  in d i r e c t  m easuring  was c o n sid e red  
q u ite  s u ita b le *  and th e  e s s e n t i a l  p a r t s  o f  th e  system  w ere th© t e s t  p ie c e ,  
a second m a te r ia l  i n  th e  form o f  a  p u sh -red  which would t r a n s f e r  any 
movement o f  th e  fo rm er to  th e  d ia l  gauge* and a  fu rn ac e  f o r  h e a tin g  a t  a  
reasonab ly  slow r a t e ,  , ' :
Apparatus*
IT *11,4* A tube  fu rn a c e , w ith  b o th  ends ©pen was c o n sid e re d  s u ita b le *  
As th e  maximum tem p era tu re  o f  work was ex p ec ted  to  be about 16OO0C* a  
rhodium -  p la tinum  a l lo y  (10$ Eh) w ire  was used  a s  a  r e s i s to r *  I t  was
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d u c t i le ,  w orkable , and had re a so n a b ly  good m echanical p r o p e r t i e s *
I? .I X .5* The o p e ra tin g  v o lta g e  was tak en  a s  IfjO v o l t s ,  a s  a  h ig h e r 
vo ltag e  m ight cause th e  elem ent to  be p a r t i a l l y  e a r th e d  due to  th e  sharp  
f a l l  in  in s u la t io n  p r o p e r t ie s  o f  alum ina above 1$QQ°G. ;
: jv#IX*6#..'for th e  fu rn a c e , an  alum ina tu b e , p re p a re d  fro m -re e ry s -
t a l l i z e d  a lum ina;w ith  about 1 . 3 $ s i l i c a b o n d ,  w as-used* T h isw a s  =
; expected to , be s u i t a b le  f o r  bo th  th e  working te m p e ra tu re s , a s  w e ll a s  
p ro te c tio n  o f  th e  elem ent from con tam ination*  A tu b e  7*5 in s#  lo n g , ; v,
■ •; 2*25 if ts*, o«d«, and , 1*5 i n s . - i  * d ., ■.was p re p a red  b y .o a s t I n g , and was ..■, 
f i r e d  a t  1600°G b e fo re  p re p a r in g  f o r  winding# I t  was th o ro u g h ly  washed 
w ith  warm d i lu te  HOI a c id ,  and th e n  w ith  d i l u t e  HaGI s o lu t io n .  F in a l ly  
i t  was washed w ith  w a te r , to  remove th e  l a s t  t r a c e s  o f  a lk a l i  and d r ie d
, IV*11 #7* F o r th e  ..heating elem ent 22*6 f t*  o f . 28 S.W.Gr* a l lo y  w ire  
was used* . The elem ent was un ifo rm ly  wound round on th e  alum ina tu b e  and 
then  f ix e d  w ith  alum ina cem ent. The ends o f  th e  elem ent were s p e c ia l ly  
re in fo rc e d  w ith  e x t r a  le n g th s  o f  w ire  re a c h in g  to  th e  co n n ec tin g  te rm in a ls*  
The tube  was th en  d r ie d  and slow ly  f i r e d  a t  .12OO°0*.' v.-
lf .IX .S *  For h e a t in s u la t io n  a  graded  pack ing  was used  round th e  
fu rn ace ..tu b © ,.as  fo llo w ss«*■. .
( a ) :  2 in s*  o f  dry alum ina cement
; (b ) -J i n .  o f co a rse  r e c r y s t a l l i z e d  alum ina ( -  10 + 30 B .S .S .)
(c )  5 i n s .  o f  h igh  tem p era tu re  in s u la t in g  b r ic k s*
The b ric k s  wer© f i t t e d  a s  c lo s e  a s  p o ss ib le *  and th e  narrow  o u te r  jo in t s  
were covered  w ith  alum ina cement* w ith  about A-fo sodium s i l i c a t e  w hich 
gave a  v e ry  h a rd  j o in t  when d r ie d  a t ' room tem peratu re*  The t o t a l  h e ig h t 
o f  th e  fu rn ace  -was abou t 14 ins**  and th e  fu rn ace  tu b e  was p la ce d  
v e r t i c a l l y  a t  th e  c e n tr e ,  le a v in g  a  le n g th  o f  1*25 in s*  unwound p o r t io n  
a t  each end o f th e  w inding* A l i n e  diagram  o f  fu rn ace  has been  shown 
in  Fig* 5* w ith  th e  r e f r a c to r in e s s  under lo a d  ap p ara tu s*  The fu rn ace  
was hung by w ire s  p a s s in g  o v e r p u lle y s  and co u n te rb a lan ced  by dead w eigh ts  
which gave th e  fu rn a c e  th e  n e c e s sa ry  freedom  o f  v e r t i c a l  movement, n ecessa ry  
f o r  s e t t in g  th e  specim ens i n  re p ro d u c ib le  manner* A s in te r e d  alum ina 1 
tube* 7 in s*  long* if- in s*  ©*&** w ith  a  7/16 in*  d ia»  b o re  a t '  th e  c e n tre  
along th e  le n g th  was u sed  a s  th e  b ase  f o r  th e  specimen; r e s t*  ; ■ The ; 
specimens a c tu a l ly  r e s t e d  on a  -§- i n .  th ic k  alum ina d is c  o f  s in te r e d  alum ina 
(Fig* 5) ♦ Y T h is  column came o u t o f  th e  bottom  end o f  th e  fu rn ac e  and 
re s te d  on a  s t e e l  p la t©  (§  in*  t h i c k ) * w ith  a  •§■ in*  hole* c o n c e n tr ic  w ith  
the  hole o f  th e  column f o r  in tro d u c t io n  o f  th e th e rm o c o u p le*  The gap 
between th e  fu rn ac e  and th e  base  p la te  was p ro te c te d  by h igh  tem p era tu re  ’ 
in s u la t io n  b r ic k s ,  su rrounded  by a sb e s to s  boards* To keep th e  h e a t lo ss*  
due to  a i r  c i r c u la t io n *  to  a  minimum* th e  gap was packed by •T h erb locks* , 
on which t h e ;fu rn ace  re s te d *  The r i s e  in  tem p era tu re  o f  th© base  p la te *  
even when runn ing  th e  fu rn ace  a t  1600° 8 * was not enough to  make s p e c ia l  
co o lin g  system  n e c e s sa ry * ’ ' '■
t\T *11*9# For un ifo rm  movement o f  th e  d ia l  gauge* a  sm all v ib r a to r  was
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a t t a c h e d  to  t h e  a s s e m b ly ,  w h ic h  w a s  s u f f i c i e n t  t o  a v o i d  j e r k s  '"in t h e  
m©vement o f  t h e  i n s t r u m e n t ,  b u t ‘n o t  e n o u g h  t o  d i s t u r h i h a  a s s e m b l y , ; 
jn r .I I .X 0 * "  The l i n e  d ia g ra m  o f  t h e  e l e c t r i c  c i r c u i t  i s  a l s o  show n 
' in  f i g *  5 * , " th e  * v a r i a c f b e i n g  u s e d  t o  'e n s u r e 'p r e d e t e r m i n e d  r a t e ' o f  
b e a t in g *  T he  p o w e r  s u p p l y  w a s  d raw n  fro m  a  240 v o l t  A .C . m a in s  s u p p ly * ' 
X J . l i a U  F o r  m e a s u r in g  th e  t e m p e r a t u r e  f t  a n d  B h -P t  a l l o y  (1 0 /  Eh) 
th e rm o c o u p le  w as u s e d  (3 3  S .W .G .)*  Whs t e m p e r a t u r e  w a s  n o t e d  fro m  a  
m i l l i v o l t m e t e r .  T he m i l l i v o l t t e m p e r a t u r e ' r e l a t i o n  f o r  t h e  c o u p le  
w as e h e c k e d  f ro m  t im e  t o ' t im e  th r o u g h o u t  "fee w o rk  a g a i n s t  a  s t a n d a r d  
p r e e io u s  m e t a l  c o u p l e  a n d " p o t e n t i o m e t e r  u n i t ,  a n d ' t h e  maximum d e v i a t i o n  
was w i t h i n  £  3°C a t  1600°C. The c o u p le  w a s  p l a c e d  t h r o u g h  t h e  lo w e r  
colum n ( F i g .  5 * ) ,  a n d  t h e  a c t u a l  t e m p e r a t u r e  a t  t h e  p o s i t i o n  o f  t h e  
sp ec im en  w a s  n o t e d ,  w h ic h  i s  show n i n  t h e  t e m p e r a t u r e  — m i l l i v o l t  r e l a t i o n
Of fig *  1* ' ; w:.. ,V
X ? .11*12*  tw o  p u s h  r o d s  w e re  i n t r o d u c e d  t h r o u g h  a n  i n s u l a t i n g  
r e f r a c t o r y  b l o c k  o n  t h e  t o p  o f  t h e  f u r n a c e  (F ig * - 4 * )«  T h e  t e s t  p i e c e  v; 
and o n e 'o f  t h e  r o d s  r e s t e d  o n  t o p  o f  t h e  l o w e r  c o l u m n , 'a n d  t h e  o t h e r  r o d  '' 
was s e t  o n  t h e  t e s t  p i e c e ,  w h ic h  " in  ' t u r n  r e s t e d '  o n  t h e  lo w e r  co lu m n *  '
W hile  w o r k in g 'o n  h i g h  t e m p e r a t u r e  c h a r a c t e r i s t i c s  K e l l y  a n d  H a r r i s  (1 4 9 )  
d e s c r i b e d  t h e  u s e  o f  s a p p h i r e  r o d s ,  a n d  T a a a u e h i  a n d  g u s a k i  ( l^ O )  m e n t io n e d  
th e  s u i t a b i l i t y  o f  " r e c r y s t a l l i s e d  s i l i c o n  c a r b i d e  r o d s * / " I n s t e a d  o f  u s i n g  
a  s i n g l e  " r o d , '  a  'c o m p o s i t e  r o d 'w a s 'u s e d  f o r  e a c h  o f  t h e  tw o  p u s h  r o d s  * T h e  ' 
s i l i c o n  c a r b i d e  r o d s  w e re  s p i g o t t e d  t o  t h e  s i n t e r e d  a lu m in a  t u b e s  a n d  t h e n
th e - jo in ts  'wot® cemented w ith  a lum ina cement* - The s i l i c o n  c a rb id e  ro d s  
were made o f  r e e r y s b a l l ia e d  s i l i c o n  c a rb id e ,"  and s p e c ia l ly  s in te r e d ,  and 
showed alm ost c o n s ta n t expansion  p ro p e r t ie s *  ; Because of. t h e i r  h ig h  therm al 
•'conductivity  th e  .s i l i c o n  c a rb id e  ro d s  w ere  u sed  o n ly  in s id e  th e  fu rn ace  .
"and a llo w e d 'to 're a c h  s l i g h t l y  below th e  to p  co v er o f  th e  fu rn a c e , a s  shown j
■ '  . - . . ,
in  ’Fig* 4 *. ■ } ' :t'; " ’ ' ' !
/ ; X¥*XX*13# F or d e te c t io n  o f  th e  exp an sio n , a  d i f f e r e n t i a l  arrangem ent j
was used*. The a lum ina tu b e s  w ere screw ed w ith  • 3 6 B.A# screw s, to  th e
two in*  s t a i n l e s s  s t e e l  ro d s  w hich cou ld  o n ly  move v e r t i c a l l y  in s id e  th e
-block o f .aluminium a l lo y  ( F i g . 4 *)* -The in s id e  w a lls  o f  ..the h o le s  i n
the. block, were grooved o u t 0*013 i n .  t o  d ecrease , th e  f r ic t io n * "  " The d i a l
gauge: was f ix e d  'to  one ©f th e  ro d s  and  re s te d , .fa  a  :'smali d e p re s s io n  on th e
' to p ,o f th e  ...other |  so  t h a t  when, b o th  th e  ro d s  had. s im i la r  expansion , th e re  j
would be no movement o f th e  d i a l  gauge in d ic a to r ,  i r r e s p e c t iv e  o f  th e
expansion beh av io u r o f  th e  base  column and  th e  push  rods*  T his was
■confirmed from !a  ’ number o f  b la n k  ru n s , a t . d i f f e r e n t  'r a te s  o f  h e a tin g *  W ith
the  specimen s e t  under one. o f  th e  push r o d s , ' th e  expansion  shown would, be ■ !
■the ac tu a l, expansion  o f - t h e  specimen,, l e s s  th e  expansion  ..of, th e  s i l i c o n  j
.  . . .  ; .  r '  i
■ ca rb i do r o d o f  © quivalent le n g th  *." ■ ‘ ■: The aluminium g u id e ; b lo ck  was r i g i d l y  |
'fix ed '" to  -the fram e ’o f . th e 'a p p a r a tu s .  ; • The t o t a l  w e ig h t o f each  push  ro d
was 60 gms* and th e  -area o f  th e  ' t e s t ’p ie c e  w as about 0*2 so.*- i n . ,  s o  th e
In f lu e n c e  o f th e  w eigh t' o f  th e  push ro d  on th e  t e s t  p ie ce .'co u ld  be n eg lec ted *  j
$2
Procedures
f f ',1 1 . 14* d u rin g  th e  experim en ts o n ly - th e  l i n e a r  change was n o te d . 
Although th e  m a te r ia ls  wer© not i s o t r o p i c ,  an  e r r o r  o f  mom  th a n  0.5/5 Of 
the. hulk volume was n o t expec ted  ( 20)* . Wh© specim ens wore 1 i n .  lo n g  and
■§*. in .  in  d iam e te r,  .and were p re p a re d  in  s t e e l  mould by e a s t in g  a s  d e sc r ib e d  
b e fo re * . The t e s t  pieces., m entioned a s  f i r e d ,  w ere p r e f i r e d  a t  1400 ’ 0. ; , 
separately*: The ends o f  each  specimen w ere ground f l a t  on g la s s  p la te s
w ith  s i l i c o n  c a rb id e  and w ater# . They w ere p la c e d  on the. top. o f  the, 
lower column, and the. two push ro d s  w ere p la c e d  a s  d e sc r ib e d  befo re*- 
lo m a l ly - th e  d i a l  gauge was f i t t e d ,  in  a  manner s o ' t h a t  the . p o in te r  
in d ic a ted  a t. th e  m iddle o f  th e  s c a le ,  in s te a d .o f  th e  s t a r t * ,  , T his had 
two advan tages, f i r s t l y ,  i t  e x e r te d  a, p o s i t iv e  p re s s u re  on th e  specim en, 
and second ly , b o th  eon t r a c t i o n  and expansion  co u ld  h e  reco rd ed  from th e  
, beg inn ing . , .
I ? . ! ! *  15 W ith th e  rat©  o f  h e a tin g  u se d , th e  d i a l  gauge i n i t i a l l y  
recorded  a  c o n tr a c t io n ,  because o f  th e  f a s t e r  expansion  o f  th e  s i l i c o n  
carb ide  r o d ,  due t o  i t s  h ig h e r  th e rm a l c o n d u c tiv ity *  , W ith .a m a in ta in ed  
..rate  change p o in ts  w ere e a s i l y  observed  s p e c ia l ly  when th e y  w ere compared, 
w ith  s tan d ard s*  The f i n a l  s o f te n in g  tem p era tu re  h as been  n o te d  when th e  
specimen had m o re .th an  1 x 10~3 i n  * o f  c o n tra c t io n  p e r  ° 0 *
2c/*<f •
Alumina Rod.
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Test Pcece
Fic. A -
/thpara/as /orR/fa/zon /neasure/nent o//he Shed/ve/?s.
Section-* I I I#  D eterm ination of re f r a c to r in e s s  tinder le a d *
In tro d u o t ion t
I ? * 2 I I* 1 *  T he r e f r a c t o r i n e s s  u n d e r  lo a d ,  t e s t  w a s  i n t e n d e d  t o  g i v e  
i n f o r m a t io n  a b o u t  t h e  p l a s t i c  v i s c o u s  p r o p e r t i e s  o f  m a t e r i a l s  a t  r e l a t i v e l y  
h ig h  t e m p e r a tu r e s #  A l th o u g h  t h e  m a t e r i a l s  h a v in g  a  g l a s s y  b o n d  m ig h t  b e  
e x p e c te d  t o  b e h a v e  d i f f e r e n t l y  f ro m  p u r e  c r y s t a l l i n e  s t r u c t u r e s » s u c h  a  
t e s t  w o u ld  a f f o r d  t h e  sam e g e n e r a l  p i c t u r e  o f  p h en o m en a  o c c u r r i n g  o n  
h e a t in g  w hen r e s u l t s  f ro m  d i f f e r e n t  t e s t s  o f  t h e  sam e b u l k  s a m p le  w e re  
compared*-■'.'•v
g e n e r a l  Cons i d e r a t  i o n ;4"f-
i y . I I I .2 *  The im p o rtan t f a c to r s  o f  th e  t e s t  were t h a t  th e  r e s u l t s  
should be in d ic a t iv e  o f th e  p l a s t i c  p ro p e r t ie s  o f  th e  m a te r ia l  a t  h igh  
tem peratu rest and sh o u ld  be rep ro d u c ib le*  The im portance o f  th e  r a t e  o f  
h ea tin g , bo th  t h e o r e t i c a l ly  and p r a c t i c a l l y  in  th s  r i s i n g  tem p era tu re  t e s t ,  
has been p o in te d  ou t in  th e  p a s t  ( 151)* I t  has been  shown th a t  because 
o f the  tem pera tu re  g ra d ie n t, s e t  up betw een th e  su rfa c e  and .the  c e n tr e  o f  
the  t e s t  p ie c e ? anomalous in d ic a t io n s  cou ld  mask th e  a c tu a l  r e s u l t s .  The 
com paratively  cool c e n tre  m ight s t i l l  be expanding a g a in s t  th e  lo a d , in  a  
r i s in g  tem pera tu re  t e s t ,  when th e  s u rfa c e  o f  th e  specim en had a c tu a l ly  
reached th e  v isco u s  s t a t e ,  b e in g  t ru e  to  th e  therm ocouple te m p e ra tu re , 
whieh norm ally  in d ic a te d  th e  temperature o f th e  su r fa c e  o f  th e  specimen* 
Cross ( 151) su g g ested  a  co m p ara tiv e ly  slow  r a t e  o f  h e a tin g  (a b o u t 2°C/min*
a b o v e  1 0 0 0 °C ) t o  m in im is e  t h i s *  . . ?
A pparatus t
iT « i I I # 3 V  Th© tu b e  f u r n a c e  u s e d  f o r  d e t e r m in i n g  t h e  d i l a t i o n  
c h a r a c t e r i s t i c s  o f  t h e  s a m p le s  a n d  d e s c r i b e d  i n  t h e  p r e v io u s  s e c t i o n ,  
w as c o n s i d e r e d  s u i t a b l e  f o r  t h e  t e s t s *  T he l i n e  d ia g ra m  o f  t h e  s e t - u p  
a n d  t h e  a c t u a l  v ie w  o f  t h e  a p p a r a t u s  a r e  show n i n  F ig *  5  s^-d F ig *  6 
r e s p e c t i v e l y * ® "  ■ ’ ’V-; ; '
I ? * I I I # 4 *  B w allo w  ( 1 5 3 )  g a v e  t h e  d e s c r i p t i o n  o f  a n  e x c e l l e n t  a p p a r a t u s ,
f o r  l a b o r a t o r y  u s ® , t o  d e t e r m in e  t h e  r e f r a c t o r i n e s s  u n d e r  lo a d *  F o r
t h r u s t  c o lu m n s  a lu m in a  b l o c k s  o f  v a r i o u s  g r a d e s  a n d  m a n u f a c t u r e r s  w e re
t r i e d ,  a n d  u l t i m a t e l y  o n e  u s e d  w as  p r e p a r e d  b y  s p e c i a l l y  c e m e n t in g  t h r e e
c o n c e n t r i c  h ig h  p u r i t y  r e e r y s t a l l i s e d  a lu m in a  s i n t e r e d  t u b e s ,  w h ic h
w i t h s t o o d  a  p r e s s u r e  o f  50 lb s * /s q t*  in #  u p  t o  i6 O 0 °C , a n d  p r o d u c e d  o n ly
0*5 f  s u b s id e n c e  a f t e r  5  h o u r s  a t  1 60G °C . T he c o lu m n s  w e re  e a c h  7 in s *
lo n g ,  i f  i n s *  d i a m e t e r  w i t h  a  7 /1 6  i n *  d i a m e t e r  b o r e  a t  th e  c e n t r e  a lo n g
t h e  l e n g t h #  T h e  e n d s  w e re  g ro u n d  f l a t  w i th  s i l i c o n  c a r b i d e  a n d  2 5  m ic r o n
d iam ond p a s t e *  S m a ll  p o l i s h e d  a lu m in a  d i s c s ,  f  in *  t h i c k  a n d  i f  in *  i n
d i a m e te r  w e re  u s e d  b e tw e e n  t h e  c o lu m n s  a n d  t h e  s p e c im e n s  (F ig *  5 * ) ♦ T he
0
d i s c s  w e re  t h o r o u g h l y  w a sh e d  a s  w a s  t h e  f u r n a c e  t u b e ,  a n d  h e a t e d  a t  12 0 0  C 
f o r  s e v e r a l  h o u r s  b e f o r e  u s e .  F o r  a p p l i c a t i o n  o f  t h e  l o a d ,  a  m i ld  s t e e l  
l e v e r  arm  in *  at i j  i n *  i n  c r o s s  s e c t i o n  w as  u s e d *  The l o a d  w as 
t r a n s m i t t e d  b y  a  s t a i n l e s s  s t e e l  b a l l  r e s t i n g  on  a  s m a l l  d e p r e s s i o n  i n  
t h e  lo w e r  f a c e  o f  t h e  a rm  a s  show n i n  F i g .  5*
5 6
17*111*5* to  th e  sh o rta g e  o f  p re c io u s  m eta l couple c o n t r o l l e r  
in  the  la b o ra to ry  a  base m eta l c o n t r o l l e r  was used  to  c o n tro l  th e  
tem perature f o r  c o n s ta n t tem p era tu re  experim ents*  The accu racy  was 
found to he w ith in  «* 10 C, from b lan k  ru n s  o v e r long p e rio d s*  The 
changeover from th e  m il l iv o l tm e te r  to  th e  c o n t r o l l e r  was c o n tro l le d  by 
a  mercury sw ite h .
17*111*6* To re c o rd  th e  behav iou r o f  th e  specim ens a t  c o n s ta n t 
tem perature# an e l e c t r i c a l l y  o p e ra ted  16 m&. c in e-cam era  was p la c e d  a t  
a  convenient d is ta n c e  and was sy n ch ro n ised  w ith  two f l a s h  l i g h t s  to  re c o rd  
the d ia l  gang® re a d in g , w ith  a  w atch by i t s  s id e ,  to  in d ic a te  th e  time*
17*1X1*7* To av o id  any undue damage to  th e  a p p a ra tu s  due to  com plete 
co llap se  ©f any specim en d u rin g  th e  t e s t ,  a rrangem ents were mad© so th a t  
the load  was re le a s e d  a f t e r  a  p red e term in ed  ©mount ©f deform ation* 
Procedures . 7
17*111 *8 , One in ch  cube specim ens w ere p re p a red  by th e  c a s t in g  
technique d e sc r ib e d  b efo re*  Specim ens, which have been m entioned as  
f i r e d ,  were p r e f i r e d  a t  140Q°C s e p a r a te ly .  The sm all alum ina d is c s  w ere 
taken out a f t e r  each run  and re p la c e d  by f r e s h ly  ground and c le a n e d  ones* 
The specimen was ground f l a t  and p la c e d  between th e  two d iscs*  The 
th r u s t  columns were a rra n g ed  as  shown in  Fig* 5m and le v e r  a m  s e t  
h o r iz o n ta l ly  on th e  upper column showing p o s i t iv e  p re s su re  on th e  d ia l  
gauge* For alum ina specim ens a  lo a d  o f  $0 lb s# /sq *  in * , and f o r
s illim an it®  sp eo iaen a  a  lo a d  ©f 28 I b s . / s q .  i n .  wens used*
1 7 .1 1 1 * 9 *  The c o r r e c t e d  m i l l i v o l t  -  t e m p e r a t u r e  r e l a t i o n  a n d  t h e  
h e a t in g  s c h e d u le  a r e  show n i n  F ig *  7* a n d  F i g .  8*  r e s p e c t i v e l y .
1 7 .I I I . 10* T e s ts  were c a r r ie d  o u t w ith  r i s i n g  te m p e ra tu re , when th e  
load was a p p lie d  from th e  beginning* The second s e r i e s  o f  t e s t s  had been 
done by h o ld in g  th e  specimen a t  a  c o n s ta n t te m p e ra tu re . In  th e s e  t e s t s  
a lso  the  lo a d  was a p p lie d  b e fo re  s t a r t i n g  to  h e a t th e  specim ens. The 
th ir d  s e t  ©f t e s t s  was a  m od ified  c o n s ta n t tem p era tu re  t e s t ,  and was 
c a r r ie d  ou t s im ila r  to  th e  second s e r i e s ,  excep t t h a t  th e  le a d  was a p p lie d  
only when th e  specim en had reach ed  th e  s te a d y  te m p e ra tu re . For th e  
second s e r ie s  ©f t e s t s ,  te m p e ra tu res  o f  1400°0 and I 45®°C w ere s e le c te d  
fo r alum ina and s ill im a n it©  m a te r ia ls  r e s p e c t iv e ly .  The f i n a l  s o f te n in g  
tem perature f o r  th e  r i s i n g  tem p era tu re  t e s t s  was n o ted  when th e  specim ens 
had more th a n  1 x 10 i n .  o f c o n tra c t io n  p e r  C. I t  must be n o ted  
th a t th e  d i a l  gauge p o s i t io n  and th e  specim en p o s i t io n  w ere i n  an  
approxim ate r a t i o  o f  2 /1  on th e  le v e r  arm (F ig*  5 * ) »  and so th e  d i a l  gauge 
read ings in d ic a te d  were tw ice  th e  a c tu a l  re a d in g s .
£ &
: i
Key to  th e  1 symbols* o f  F ig .  5*
Symbol D e ta i l sI nW ■■ 1    
a  g rooved  p u l le y s
b d i a l  gauge
c l e v e r  arm
d b a la n c in g  w e ig h t f o r  l e v e r  arm
e heavy  d u ty  s t e e l  w ire
f  s t e e l  b a l l
g  a lu m in a  t h r u s t  column
h  a lu m in a  d i s c
i  t e s t  p ie c e
k  a lu m in a  fu rn a c e  tu b e
1 r e s i s t o r  w ire
m a lu m in a  p a c k in g
n  c o a r s e  r e c r y s t a l l i z e d  a lu m in a
*) o i n s u l a t i n g  b r i c k s
p s in d an y o  b o a rd
q . s t e e l  a n g le  fram e
r  fT herb lock*  p a c k in g
s i n s u l a t i n g  b r i c k  b lo c k
t  s t e e l  b a se  p l a t e
u  th e rm o co u p le  w ire
v  th e rm o co u p le  s h e a th
w b a la n c in g  w e ig h ts  f o r  fu rn a c e
x  * w e ig h ts  f o r  lo a d in g  th e  t e s t  p i e c e .
5 9 ' ]
Apparatus ussemt/yJor refrac/cr/ness ureter /cud 
fes/s, fruth the e/ectr/c c/rcu/t d/agra/r?
fo r  < tetaits, pfease seepage facing
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■ • S e c t i o n . I ? *  - Hoorn tem pera tu re  t r a n s v e r s e  'bend s t ren g th .* 
In tro d u c t io n s
■ I?*X?*1* f h i s  room tem p era tu re  p ro p e r ty  i s  s im i la r  to  modulus o f
r u p tu r e .  Tho r e s u l t s  o b ta in e d  w ere e x p e c te d ,to  y ie ld  in fo rm a tio n  as  
to  th e  develojjment o f.b o n d  a t  d i f f e r e n t  f i r in g ,te m p e ra tu re s *  As 
m entioned p re v io u s ly , th e  s t r e n g th  o f  th e  specim en was ex pec ted  to  depend 
not on ly  on th e  g la s s  formed a t  th e  f i r i n g  tem p e ra tu re , b u t on i t s  n a tu re  
and i t s  d e e p .in te r d i f f u s io n  in to  th e  a g g reg a te  m a te r ia ls  p re sen t*  
A pparatiisi
v-' IV .If#2*  For t h i s  an a p p a ra tu s  s im i la r  in  p r in c ip le  to  t h a t  u sed  f o r  
de term in ing  th e  modulus o f  ru p tu re  o f  r e f r a c to r y  b r ic k s  was p re p a re d ,
The com plete arrangem ent' i s  shown in  Fig* 9* ' For th e  th r e e  p o in t  lo a d in g  
-J- in*  d iam eter ' hardened s t e e l  b a r s  w ere'"fixed..-to two s t e e l  b lo ck s  5 i n * ’ 
long  x  i  i n ,  x - J  in  * The d is ta n c e  betw een c e n tr e s  o f  the. two round b a rs  
on th e  l e f t  hand b lo c k '( a )  was e x a c tly  "3 inches*  : $/l&  in* d ia m e te r 'g u id e  
ro d s  were f i t t e d '4 l / ®  i n .  a p a r t ,  so th a t  th e  round b a r  f ix e d  to  th e  - 
r i g h t  b lo ck  (b ) would alw ays s e t  l u s t  midway in  between the  two ro d s  o f  
th e  l e f t  b lo ck  ( f ig *  10*)* S m a ll 'b ra s s  ro d s  w ere b raced  to  th e  s t e e l  ■ ■ 
b lo ck s  to  gu idaand  m a in ta in  th e  t e s t  p ie c e  in  p o s it io n *  fh e  w hole d ev ice  
was mounted h o r iz o n ta l ly  in  th e  com pression g r ip  on a  H o u n sfie ld  T e n so - : 
m eter (F ig*  9*) • On com pressing , th e  round b a rs  moved p a r a l l e l  to  each 
o ther,- and w ere gu id ed  by th e  g u id e  rods*  fh e  s t r e s s in g  was o p e ra ted  by '
hand, hut, only  th e  s lo w es t ra te ,  was employed* fhe  Tensom eter gave
re g u la r  c o n s is te n t  r e s u l t s  w ith  s ta n d a rd  m a te r ia ls*
procedure?
, , f he  t e s t  p ie c e s  w ere 4  "in*r £■«§■ in*  x  jf  in * ,  and were
p rep ared  in  s t e e l  moulds a s  d e sc r ib e d  p re v io u s ly . ' f  he t e s t  p ie c e s  had
a  le n g th  to  b re a d th  r a t i o  o f  6*1, ta k in g  th e  e f f e c t iv e  le n g th  o f  s t r e s s in g
o n ly . S h e ffe rd  and B a r re t  (153) su g g es ted  th a t  r a t i o  below 8*1 gave
h ig h e r b re a k in g  s t r e n g th  (ap p ro x im a te ly  20^ more when th e  r a t i o  was
halved)*  , f h i s  was o f  no s ig n i f ic a n c e /a s  th e  r e s u l t s  w ere o n ly  com parative.
IV ,I? ,4 *  lo r ra a l ly  a  125 * b s . beam was u sed , b u t f o r  some c f  th e
specimens where th e  b re a k in g  lo a d  was e i t h e r  beyond, o r  n e a r , th e  maximum
l im i t ,  a  250 lb s*  beam was u se d ,
IF .IV ,5* la c h  t e s t  p ie c e  was ground f l a t  ©n th e  *§ i n ,  s id e s  on g la s s
p la t e s ,  u s in g  220 g rad e  s i l i c o n  c a rb id e  as  a b ra s iv e ,  fh® b re a d th  was.
reduced by 0 .016  in*  maximum, fh e  i n ,  s id e  was th en  p la ce d  on th e
s t e e l  ro d s  w ith  the. long: a x i s . ©f t e s t  p ie c e  a t  r i g h t  a n g le s  to, th e  ax es
o f  th e  ro d s  ( F ig s ,  9 & 1 0 . ) ,  fh© s t r e s s in g  was commenced c a r e f u l ly  and
slow ly , k eep in g  th e  t e s t  p ie c e  v e r t i c a l l y  as  w e ll a s  c e n t r a l l y  p o s i t io n e d ,
1 7 .I F .6 , f a  de term ine  th© b reak in g  s t r e n g th  th e  s ta n d a rd  ded u ctio n s
f o r  th e  beam from th e  th e o ry  o f  s t r e n g th  o f  m a te r ia ls  were u sed , a s  fo llo w s* -
I f  * f* i s  th e  u l t im a te  t e n s i l e  s t r e n g th  a t  a  d is ta n c e  *y», from th e
n e u tra l  a x is ,  a s  de term ined  by bend ing , *M* i s  th e  bending moment, and *1*
f  i fi s  th e  g eo m etric a l moment o f i n e r t i a ,  th e n , — « y .y  1
In  a  f r e e ly  su p p o rted  re c ta n g u la r  beam, i f  *b* i s  th e  b re a d th , and 
*&* i s  th e  d e p th , th e n ,
,  M3 . a
■ * u  ,  and y  » y  *.
As 1 o ccu rred  in  th e  m a te r ia l  f u r th e s t  from th e  n e u tr a l  a x i s ,  o r  th e  max .
maximum bending  s t r e s s  o ccu rred  a t  s u rfa c e  o f  th e  t e s t  p ie c e  u sed , and 
! g t s —  f where *fV I s  .the a p p lie d  lo a d  on th e  t e s t  p ie c e  and *a* i s  th e  
bending arm, .
»f« rI  bd , *..
fh e  tf*  has been c a l l e d  h e re  th e  tr a n s v e r s e  bend s t r e n g th .
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: S ection  -  7 # ; Study of  m ic ro s tru c tu re s .
In tro f tu o t io n y :. *
I ? . 7 .1# The m ic ro sco p ic  s tu d y  o f ceram ic m a te r ia ls  has been 
in tro d u ced  f o r  q u ite  a  lo n g  tim e# Most o f  th e  in v e s t ig a t io n s  I n  th e  
p a s t  were made w ith  t r a n s m it te d  l i g h t  (154 — 15$ ) t h u t in v e s t ig a t io n s  
u s in g  bo th  t r a n s m itte d  and r e f l e c t e d  l i g h t  seemed to  o f f e r  a  number o f  
advantages* E xam ination o f  r e f r a c to r y  and ceram ic m a te r ia ls  by r e f l e c te d  
l i g h t ,  a s  i n  m e ta llu rg y , h as g a in ed  c o n s id e ra b le  p o p u la r i ty  in  re c e n t 
y e a rs  (160 -  168)# Among o th e r  p o in ts  th e  r e f l e c t e d  l i g h t  exam ination  
should  be most im p o rtan t f o r  de term in ing  th e  t e x tu r a l  f e a tu re s  o f  th e  
specimen# The ty p e  o f  p o lis h e d  s u r fa c e  produced was o f  fundam ental 
im portance# S ev e ra l a u th o rs  su g g es ted  d i f f e r e n t  m ethods, and Mc7ay (169) 
made a com prehensive rev iew  o f them#
P rocedure!
17*7*2. The method adop ted  f o r  p re p a rin g  th in  s e c t io n s  was s im i la r  
to  th a t  u sed  f o r  g e o lo g ic a l  ro ck  s e c t io n s * :
17*7.3# A sm all s e c t io n  was o u t from th e  broken specim ens o f  th e  
t ra n s v e rs e  b re a k in g  s t r e n g th  t e s t  specim ens, and was f i r s t  eh ipped  down 
to  about •§- in*  th ic k n e ss#  Due to  th e  ex trem ely  porous and f r i a b l e  
te x tu re  o f  many o f  th e  specim ens, th e  ch ip p in g  had been  alw ays a  problem , 
a s  th ey  crum bled to  p iece s#  Success was o b ta in e d  by im pregnating  th e  
specimen w ith  B0014 r e s i n  ( s u p p lie d  by B a k e li te  R es in s  L td* , London) in
th e  fo llo w in g  w a y v ;;: . ;:i
I¥ .?*4«  The whole o f  th e  specim en was immersed in  th e  warm f l u i d  
r e s in  fo r  about h a l f  an  h o u r, ta k in g  c a re  no e x ce ss iv e  f r o th in g  to o k
p lace*  The tim e was found s u f f i c i e n t  f o r  th e  sis®  o f  th e  specim ens
■ ■ . oused* The im pregnated specim en was th e n  cu red  a t  150 0 f o r  th r e e  h o u rs . 
This r e s in  had advan tages over o th e r  im pregnating  m a te r ia ls  In  t h a t ,  w h ile  
s e t t i n g  th e  specimen on g la s s  s l i d e s ,  a t  th e  c u r in g  tem p era tu re  o f  Canada 
Balsam, th e  r e s i n  was a s  h a rd  a s  in  th e  co ld  and was n o t d is so lv e d  in  i t *  
The th in  s e c t io n  was p re p a re d  i n  a normal way by u s in g  d i f f e r e n t  g rad es  
o f s i l i c o n  c a rb id e  a s  a b ra s iv e  on c a s t  i r o n  o r  g la s s  p la te s  and u s in g  
w a te r a s  a  lu b r ic a n t  a s  w e ll a s  a  coo lan t*  They w ere u l t im a te ly  f ix e d  
w ith  co v er g la s s  on g la s s  s l id e s *  The pho tographs were taken  w ith  a  
V ickers P r o je c t io n  M icroscope.
I?*V*5* p re p a r in g  th e  specimen f o r  r e f l e c t e d  l i g h t  in v e s t ig a t io n ,  
a  sm all s e c t io n  was c u t ,  a s  p re v io u s ly , a c ro s s  th e  broken specim en, and 
ground by v a r io u s  m echanical means* I t  was th e n  s e t  i n  co ld  s e t t in g  
cem ent, e i t h e r  a f t e r  im p reg n a tin g  o r  w ith o u t i t ,  a s  needed*
IV*V*6* The s e t  sample was th en  ground on c a s t  i r o n  o r g la s s  p la t e s  
u s in g  s i l i c o n  ©arbid® o f  100 and 200 g ra d e s  and w ater*  The rough ly  ground 
su rfa c e  was f u r th e r  smoothed by  wet g r in d in g  w ith  320 g rade  s i l i c o n  c a rb id e  
p ap er and w ater*  The f i n a l  p o l is h in g  was a s  shown in  th e  fo llo w in g  ‘ 
Table -  7* i l l  th e  pho tographs were ta k en  w ith  T ic k e rs  P ro je c t io n  
m icroscope a s  b e fo re*  •
$03. L p o lis h in g  P la te Diamond Gd.
..................,..............................................
lu b r ic a n t Time (a in s ) Eemarks
1 . : c a s t  i r o n ■ ' 25 H y p re s - f ld . 3-4 :V: ; m anually
2 . n »
3 . 1;. 6 tt . n ■ H
4* photograph ie -p a p e r ■ 6 ; t« ft M
5 v m ic ro -c lo th 6 , M H
p ersp ex  la p  w ith  
diamond embedded 
' by ’ ch loroform  * . r"''
:;,1 \ w atch s p r in g  
o i l
: 150-180 ’ ; m ech an ica lly
Table -  7* S y stem atic  p o l is h in g  p rocedu re  f o r  r e f l e c te d  l i g h t  specimens*
S e c tio n  -  VI* S tudy o f  th e  X -ra y  d i f f r a c t i o n  p h o to g rap h s* 
In tro d u c tio n * . ■
IV .7 I .1 .  D uring th e  p a s t  tw enty f iv e  y e a rs  c ry  s t  a llog raph!©  
i d e n t i f i c a t i o n  methods h a re  found an  in c re a s in g  us© in  s c i e n t i f i c  
in v e s t ig a tio n s #  X -ray  d i f f r a c t i o n  i s  now p la y in g  one o f  th e  most 
im p o rtan t p a r t s  in  th e  i d e n t i f i c a t i o n  o f  d i f f e r e n t  c r y s ta l s  and hence 
d i f f e r e n t  su b s ta n c e s . As e a r ly  a s  1919* H u ll (170) p o in te d  o u t th© 
p o s s i b i l i t i e s  o f  u s in g  th© X -ray  d i f f r a c t i o n  p a t te r n s  i n  t h i s  f i e l d .
A c o n s id e ra b le  amount o f X -ray  work had been c a r r ie d  ou t 
on th e  s t r u c tu r e  o f  l iq u id s  and amorphous s o l i d s .  T h is  was w e ll  review ed 
by E i le y  (171)# V A g re a t  d e a l o f  X -ray work on amorphous s o l id s  was 
don© in  U .S.A . by W arren (172) and h i s  co -w o rk ers .
IY .T1.3  . D uring th e  l a s t  te n  y e a rs  a  number o f  p ap e rs  have been 
p u b lish ed  on X-t&j  work on r e f r a c t o r i e s  and ceram ics b o th  o f  a  g e n e ra l 
(173) and s p e c ia l  n a tu re  (174-180)#
G eneral C o n sid e ra tio n s  and Procedure* ,■
I?#?I#4« X -ray  d i f f r a c t i o n  p a t te r n s  were u sed  her© m ainly  f o r  
i d e n t i f i c a t i o n  o f  new phases#  On© o f th e  s im p le s t ways ©f id e n t i f y in g  
an unknown compound i s  to  compare i t s  d i f f r a c t i o n  p a t t e r n  w ith  p a t te r n s  
from known s ta n d a rd s , pho tographed  w ith  th e  same r a d ia t io n  in  th e  same 
camera* Dot o n ly  th e  p o s i t io n s ,  b u t a ls o  th e  r e l a t i v e  i n t e n s i t i e s  o f  
th e  l i n e s  a re  compared# The powder method i s  p r e f e r r e d  fo r  i t s  s im p l ic i ty ,  
a lthough  i t  visi d e s t r u c t iv e  in  th e  sen se  t h a t  th e  specim en i s  ground to  
f in e  powder in  th e  p re p a ra t io n  o f  th e  specimen# In  th e  powder p ic tu r e  
th e  l in e s  appeared  i n  aeoordane© w ith  v a lu e s  o f Bragg ang le  0 , o r  s in c e  
2d S in  m - !X .r, i n  o rd e r  o f  descending  in te x p la n e r r  ©pacings *4*.
For i d e n t i f i c a t i o n ,  »d* v a lu e s  w ere a lso  checked from  A#S*f#liU c a rd  in d e x , 
f o r  s ta n d a rd  p ic tu re s #  ' '
... ‘ V .
A pparatus and T e s t Specim ens* '
IV .V I.5# For a l l  work a M etro p o lita n  B ick ers  X -ray  s e t  was u se d . To 
m a in ta in  com parable p ic tu r e s  a l l  th e  specim ens were exposed f o r  th r e e  hours 
a t  321Cv and 12ma# F or pho tographs a  u n iv e r s a l ly  u sed  B ebye-S cherrer ty p e  
c i r c u la r  cam era ( Unicorn) ?<ras u sed  and th e  specim en was c o n s ta n tly  r o ta te d  
a t  a  uniform  speed  by a  D#C# motor# To m a in ta in  a  s a t i s f a c to r y  degree
o f re so lu tio n 'b e tw e e n  th e  l in e s  o f  powder d iagram , a s  w e ll a s  to  avo id  
an g u lar d isp lacem ent o f th e  p eak , a  9 ©&• cam era, w ith  Cu t a r g e t  
( / \ *  1.542A) and th i n  specim ens w ere used* To av o id  co m p lica tio n s  K#
r a d ia t io n s  w ere f i l t e r e d  o u t w ith  $ i  f i l t e r s  (21 m icrons th ic k n e ss )*
The specimen was ground f in e  to  g iv e  smooth d i f f r a c t i o n  p a t t e r n s ,  though 
in  a  number o f  p ic tu r e s  sp o ts  o f  corundum w ere n o tic e d  even a f t e r  t h a t ,
, IV*VI.6 * Only a  few m illig ram s o f  th e  powder was mounted on g la s s  
f ib r e s  w ith  g lu e .  I t  was e rp e c te d  t h a t  even i f  a  s in g le  c r y s ta l  ?
w eighing a  sm all f r a c t i o n  o f a  m illig ram  was th e  on ly  o th e r  phase , ?
a v a i la b le ,  i t  would s t i l l  be p o s s ib le  to  i d e n t i f y  i t .
IT ,V I ,7* The specim en mounted on a  g la s s  f i b r e  was v e ry  c a r e f u l ly  
a lig n e d  in  th e  c e n tre  o f  th e  cam era.
XV. V I.8 . S tan d a rd  * Kodak* 9 cm, X -ray  film s  w ere u sed  f o r  pho to ­
graphy and normal p ro ced u re  was adopted  fo r  d ev elop ing  and f ix in g ,
... S e c tio n  — ¥11 *. E s tim a tio n  o f  g la s s y  phase by chem ical d is s o lu t io n  
In tro d u c tio n s
IV.VXX.i. T h is was n o t a  com plete chem ical a n a ly s is ,  b u t was on ly  
made to  d e term in e  th e  amount o f  g la s s y  o r  amorphous phase  p re sen t*
X V .V II.2. S e v e ra l a u th o rs  (9 3 , I 8I - I 83) have in  th e  p a s t  su g g ested  
d i f f e r e n t  p ro ced u res  to  d is s o lv e  th e  n o n c ry s ta l l in e  phase from f i r e d  
a lu m in o - s i l ic a te  m a te r ia ls *  e s p e c ia l ly  d u rin g  t h e i r  work on m u l l i t e .
The one adop ted  was d e sc r ib e d  by H a rriso n  (184) and Vaughan ( I 85) and
p rov ided  some com parable re s u lts * .. ,  I t  must "be .-emphasised h e re  th a t  t h i s  
was no t any a b so lu te  c o n firm a tio n  o f  th e  su g g e s tio n s  made l a t e r ,  h u t was 
■ r a th e r  a  p o s i t iv e  in d ic a t io n  i n  su p p o rt o f  them* .
Experim ental D e t a i l s t ,
1?#712*3* fh e  f i r e d  m a te r ia ls  w ere crushed ' to  "ponder and 10 gms* o f  
each 'Specim en was allow ed;.to  d is s o lv e  in "  50 gm *  o f  28$ f lu o ro b o r lc  a c id  
! f o r  fou r' days" a t  5^°0 . ' Sare was' tak en  n o t to  o v e r-c ru sh  th e  specim en, a s
t o o 'f in e  a  c ru sh in g  was e x p ec te d " to  a f f e c t  th e  s o l u b i l i t y  o f  th e  c r y s t a l l i n e  
m a te ria ls*  By s u b tra c t in g  th e  w eigh t o f  re s id u e  from th e  o r ig in a l  sam ple 
w eight th e  p e rc e i ta g e  glas&  e x tr a c te d  was deduced* Under c e r ta in  
C onditions *1 as  m entioned above, some a t ta c k  on c r y s t a l l i n e  ph ases  e*g* 
m u ll i te  o r  alum ina o r  a l k a l i  a lu m in o s il ic a te  c r y s ta l s  ( i f  any formed) 
was p o ss ib le *  fh e  e s t im a tio n  w as, however, u sed  o n ly  f o r  com parison 
p u rp o ses, in s te a d  o f  deducing  any a b so lu te  v a lu e s  f o r  g la s s  C ontent*
2 ¥ * ?U ,4 *  An a tte m p t was made to  an a ly se  th e  d is so lv e d  g la s s y  phase 
by s ta n d a rd  methods as o u t l in e d  by (1 8 6 ) , b u t was n o t s u c c e s s fu l ,  p ro b ab ly  
because o f  th e  p re sen ce  o f  boron and f lu o r in e  p re s e n t a s  f lu o r o b o ra te *
In  o rd e r  to  e lim in a te  boron from th e  s o lu t io n  I t  was ev ap o ra ted  w ith  
c h lo r in a te d  m ethyl a lc o h o l on a  w a te r  b a th ,  b u t even th e n  th e  a n a ly s is  o f  
alum ina and s i l i c a  w ere n o t s u f f i c i e n t ly  c o n s ta n t to  be o f  any v a lue*
■ m m m t  -■ ? * - :- -  . -
i,-:' *;; v :3.'v ht^ -h-vr -r R em its  ....-, -;v'; ,/-> icu., 1,. ..^ ri .u i  l^-co
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7*2*1* The r e s u l t s  o f  th e  t e s t s  a re  shown l a  F igs*  11 -18 , and 
summarized in  T able -  8* Fig* 19 shows th e  f i n a l  so f te n in g  p o in t s .
The t | i r e d l specim ens w ere p r e f i r e d  a t  1400 C b e fo re  te s t in g *
Alumina •
- (a )  bonded .w ith  :e th y l .  s i l i c a t e  . -  , Mix* 1*
v 7*2.2* The u n f ir e d  e th y l  s i l i c a t e  bonded t e s t  p ie c e s  so f te n e d  s l i g h t l y  
a f t e r  660°C (F ig*  11*)* - At r a t e  o f  expansion  in c re a se d  and ,
-was, th e n  s te a d y  u n t i l  i t  reach ed  - th e  s o f te n in g  -.tem perature ( 12?5°C) * - , 
7*2*3* Jfhen p r e f i r e d  th e y  s t i l l  showed a ; s l i g h t  - -change i n  s lo p e  a t  
985 0 (T ab le  * *8*), a n d -a t h ig h e r  tem p e ra tu re  th e  r a t e  was 8*0 % toT  in * /
■ in * /° 0  up to  ..the so f te n in g ^ te m p e ra tu re  (136O°0) • s v ^
(b ) bonded w ith  sodium s i l i c a t e  -  Mix* 3* 4 & 5*
i7 * 1*4*.The u n f ire d .s p e c im e n s ,so f te n e d  betw een 500°£ and dOQ°C (F ig *  1 1 ), 
th e  a c tu a l  tem p e ra tu re  v a ry in g  d i r e c t ly .w i th . th e  s i l i c a  t o a l k a l i  r a t i o  o f  
.th e  b o n d * T h e  t o t a l , expansion.-; in c re a se d  in v e r s e ly , to  - th e  above r a t i o .
The d e c re a se d -ra te  o f  expansion  o f  Mix* 3 a t  "about 6QQ®0 was l e s s ,  a s  th e  
v is c o s i ty  o f  th e  l iq u id  was g r e a te r ,  due to  th e  h ig h e r  amount o f  s i l i c a  
p re s e n t ,  and  i t  a c tu a l ly  had a  h ig h e r  r a t e  o f ex pansion  than  e i t h e r  o f  
'th e  o th e r  two from 780°C*. The d i l a t i o n  ** tem p era tu re  cu rve  o f  a l l  th e
sodium s i l i c a t e  ‘bonded t e s t  p ie c e s  had a  change in  slop© a t  9S0°C, and 
had s l i g h t l y  h ig h e r  t o t a l  expansion  th a n  Mix, 1 ., A ll o f  them had low er 
so f te n in g  te m p e ra tu re s , 'Which, w ere  l%6Q®Qt 1 2 2 0 °C ,an d  126$°G f o r  Mix, 3 ,
4 and 5 r e s p e c t iv e ly  ( F ig ,  1 9 * ),
Y*I*5* As e x p ec ted , th e  f i r e d  specim ens d id  n o t show any s o f te n in g  
hetween and 600°G ( F ig ,  1 2 . ) ,  a lth o u g h  a  s l i g h t  change in  s lo p e  o f
th e  cu rves was observed  in  a l l  o f  them a t  about C. Jn  th e  f i r e d  
specim ens a ls o  th e  s o f te n in g  p o in ts  in c re a se d  s lo w ly  from 1299°Gf 1330°G 
to  1400°G f o r  M ix, 3 t 4  and  5 r e s p e c t iv e ly 8*
(c ) bonded w ith^ p o tassium  s i l i c a t e  Mix* & 8 ,  ;
Y ,X ,6* fh© u n f ir e d  specim ens showed s l i g h t  c o n tra c t io n  b e fo re  600°@, 
and t h i s  was more ■ pronounced in  M ix,' - (F ig*  13*} * "Mix* $ re g a in e d  i t s  
o r ig in a l  r a t e  o f  expansion  a t  800°C ( f a b le  * 8 . ) .  As w ith  Mix, i*  b o th  
th e  specim ens showed an in c re a s e d  r a t e  o f  expansion  above 9S5°C* Mix* 8 
had. t h i s  g r e a te r  than  Mix*. £* fh© re s p e c t iv e  .so f te n in g  p o in ts  f o r  Mix* 6 
and 8 were 11S0°C and 1230°C. ■ \  ' .M. : .
V,X,7* When f i r e d ,  th e  b eh av io u r o f  th e se  were s im i la r  to  th e  sodium 
s i l i c a t e  bonded sam ples (F ig*  14*}» and a s  b e fo re  showed s l i g h t  in c re a s e  
in  th e  r a t e  o f  expansion  a t  99®°C* The r e s p e c t iv e  s o f te n in g  p o in ts  f o r  
the  f i r e d  specim ens o f  M ix, € and 8 were 133O0O and 14$0°C,
S i l l im a n i t e
. . . . . . .
(a )  bonded w ith  e th y l  s i l i c a t e  -  Mix, 9*
V .1 ,8 , Between room tem p era tu re  and th e  r a t e  o f  expansion  was
75
3 .4  in*  x  10~ / in * /  0 f o r  th e se  specim ens, when t e s t e d  u n f ir e d  ( f ig *  15?) * 
From 50G°C to  80D°e i t  in c re a s e d  to  5*3 in* x  1 0 * ^ /i» ./° C  and a fte rw a rd s  
t h i s  was a lm ost s te a d y  a t  4*3 in* x lQ**^/in*/0C* These specim ens w ere 
no t s tro n g  enough to  re c o rd  th e  d i l a t i o n  c h a r a c t e r i s t i c s  above 870°G* 
7.1*9* The f i r e d  specim ens c o n tra c te d  between 700° C and 800°C, and
,r  ,, _ . ' ’ ' v Q
th e n  expanded l i n e a r l y  to  th e  f i n a l  s o f te n in g  tem p era tu re  o f  1350 0
(b ) bonded w i th  sodium s i l i c a t e  ** , Mix.- 21 , ,12 & 13*
7*1*10# The r a t e  o f expansion  o f  a l l  th e  u n f ir e d  specim ens in c re a se d  
a f t e r  420°0 (F ig*  15*)« b u t l ik e  Mix* 9* none o f  th e se  specim ens was s tro n g  
enough to  be t e s t e d  above 9QO0O* They c o lla p se d  a t  66O°0, 68Q°G and 
800°C (Mix* 11, 12 and 13 r e s p e c t iv e ly ) ,  i* e .  the  r e s is ta n c e  t o  com plete 
f a i l u r e  in c re a se d  w ith  th e  d e c rea s in g  q u a n ti ty  o f  bond*
7.1*11* When f i r e d  a l l  so f te n e d  between 700°C and 870°C (F ig*  1 6 . ) .
In  Mix* 1 2 . t h i s  was a s  e a r ly  a s  64G°0* U nlike  th e  a lum ina t e s t  p ie c e s ,  
no change o f s lo p e  was observed, between 980°C and 1000°C# They a l l  : 
showed s im i la r  s lo p e s  a f t e r  9^0°G* The re s p e c t iv e  so f te n in g  te m p e ra tu res  
w ere 1300°C, 1320°C and 2325°C f o r  M ix. 1 1 ,1 2  and 13 and was v e ry  n ea r 
to  t h a t  o f  Mix* 9* v
(e )  bonded w ith  po tassium  s i l i c a t e  ** Mix* 25 & 17*
7.1*12# The b eh av io u r o f  u n f ir e d  specim ens was s im i la r  to  o th e r  bonds 
( f ig *  17*)* The t o t a l  expansion  was v e ry  c lo se  to  t h a t  o f M ix. 9* The
specim ens c o lla p s e d  e a r l i e r  a t  o n ly  600°C and 69G0G f o r  M ix. 15 and 17
*
re s p e c tiv e ly *  ,
T .I .1 3 .  When f i r e d . th e y  showed a s l i g h t  d ec rea se  .in  .-the r a t e  o f  - 
expansion  between 6O0S0 and 20O00£* A lthough t h i s  s t a r t e d  in  M ix. 17* 
about 40°G e a r l i e r , M ix, ,27 . h a d .th e  h ig h e s t  -so ften ing  p o in t o f a l l  th e  
s i l l im a n i t e  t e s t  p ie ce s*  , The s o f te n in g  tem p e ra tu res  were 1370°C and 
1290°C f o r  Mix* 17 and 15 r e s p e c t iv e ly .  (F ig .  1 8 * ).
D iscu ssio n  
Alumina ,
7*1*14 * '0n h e a t in g  Mix*" 1* , ’th e  e th y l  s i l i c a t e  s t a r t e d  to  p r e c i p i t a t e  
amorphous s i l i c a  ;i a  a ' h ig h ly  r e a c t iv e  fo rm ,' and th e  s l i g h t  s o f te n in g  ■"• • 
observed in  th e  'u n f i r e d  ■specimens was due to  th e  com bination  o f  t h i s  
s i l i c a  w ith  th e ' minor- im p u r i t ie s  p re s e n t in  alum ina* •' - The change -of 
s lo p e  a t  985°0 was due to  th e  com bination o f - s i l i c a  and a lu m in a . -' .In. 
th e  case  o f ’ a l k a l i  s i l i c a t e s  th e  low  tem p era tu re  s o f te n in g  was due to  
th e  m e ltin g -o f  th e  d eh ydra ted  bond -  th e  a c tu a l  tem p era tu re  v a r ie d  . 
depending o u t h e  amount o f  " s i l i c a  in  th e  bond, w hich would co n tro l, th e  ; ; 
v i s c o s i ty  o f  "the m elt*  ’ The change i n  th e  s lo p e  below  1000°C f o r  a l k a l i  
s i l i c a t e  bonds was due to  th e  fo rm atio n  o f  sodium a lu ra in o - s i l ie a te  - - 
( a l b i t e ’o r  c a r n e g ie i te )  o r  p o tassium  a lu m in o - s i l ic a te  (p o ta sh  f e ld s p a r  
o r l e u c i t e ) . ■ 1 The specim ens-w ith  th e  lo w est q u a n ti ty  o f  g la s s y  bond gave 
th e  h ig h e s t  softening-' tem perature*. The f i r e d  specim ens showed h ig h e r  
s o f te n in g  te m p e ra tu re s  d u e ;to  t h e i r  more - com plete fo rm atio n  o f  th e  r e a c t io n  
p roducts*  ■
B il l im a n ite  ■ -
7 * 1 .1 5 . The p rem atu re  f a i l u r e  o f  th e  u n f i r e d  t e s t  p ie c e s  a t  low
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te m p e ra tu re s  was due t o  th e  d e h y d ra tio n  o f  th e  s i l i c a t e  g e l s .  iThe 
te m p e ra tu re s  w ere n o t  h ig h  enough to  form  any s i l i c a t e  "bond by 
i n t e r a c t i o n  6 f  th e  m e lt w ith  th e  c a lc in e d  a lu m in o -s i1i c a t e  grog* The 
h ig h e r  e x p an s io n  r a t e  o f  u n f i r e d  s i l l i m a n i t e  specim ens was due to  th e  
in f lu e n c e  o f  th e  a l k a l i  s i l i c a t e s *  As n o te d  p r e v io u s ly ,  th e  q u a n t i ty  
o f  bond a f f e c t e d  th e  t o t a l  ex p an s io n  and th e  r a t e  o f  ex p an s io n  
(T ab le  -  8 ) .  ;
V .I .1 6 *  The c o n t r a c t io n  o f  f i r e d  t e s t  p ie c e s  betw een  7 0 0 °C and 
800°G was due to  th e  fo rm a tio n  o f  a  low te m p e ra tu re  e u t e c t i c  (7 3 2 °C
-  in  sodium  o x id e  a lu m in a  s i l i c a  sy stem  -  *T* i n  Fig* 2* , and 710°C
-  in  p o ta ss iu m  o x id e  a lu m in a  s i l i c a  system  -  ’F* in  Fig* 3 . ) .
Mix* 13 and 17 had th e  h ig h e s t  s o f te n in g  te m p e ra tu re s  as  th e y  had 
th e  l e a s t  amount o f  g la s s y  bond . As a l l  th e  a lu m in a  had com bined 
d u r in g  c a l c i n a t i o n  o f  th e  raw  m a t e r i a l s ,  t h e r e  was no f r e e  a lum ina  
p r e s e n t ,  and so  no in f l e x i o n  p o in t  was n o te d  i n  c u rv e s  o f  th e  specim ens 
a t  980°C.
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Average r a t e  o f  e x p an s io n '{ i n •/ i n . / ° 0 x  io 6 ) :
j ui. i r . .,[i r K
Av. ' Ix p a n .
C ondition 20°C^500GC 5000C-800°C 8oo°e-iooo°o above 1000°C P er C ent.
' :; i  r  " ' u n f i r e d ' 5*o 4 .7 ' 1.4.5 :.T. 5-9 4 .2 5
' : .. : f i r e d ' 6 .0 , -6 .0 ; ;■ - ; :- ; S .5 10 .2 8 .0
3 . . u n f i r e d . . 5*2 ' .. , 4*7:'..'.■' . .. 6 .0  . 9 .5 5 .8
f i r e d 5*0 5 .7 9 .5 15*5 ■ 8 .2
4 . u n f ir e d 6 .0 4 .7 5 .0 8 .2 5 .9
f i r e d 6 .4 8 .7 10 .0 10 .8 8 .5
5* u n f ir e d 6 .4 4 .7 5 .0 9 .4 6 .3
f i r e d 7 .0 8 .7 ■ 10 *° ■ 11.0 8 .9
6 . u n f ir e d 5*4 . 4 .3 5*5 10 .5 5 .6
f i r e d 4*8 6 .0 9*0 14.5 a . i
, ; 8 , u n f i r e d ,5*6 . , ’■ 3 * t "■ 6 .5 • , 9 .6 6 .5
f i r e d 7 .0 8 .3  .. 10 .5 11 .4 9*o
9* u n f ir e d 3 .4 , 5 4 4 4 4*2
f i r e d ; 3 .4  ; : 2 4 ' 5 .0 7 .4 4 4 5
11* u n f ir e d 4 .8 6 .7 5 4
12*
f i r e d
u n f i r e d
3 .2
5 .2
1 .7
■ - 6.2
4 .5 7 4 4 .1
5 4
13.
f i r e d
u n f ir e d
3 .2
6 .0
3 .1
\  6 .0 ,
4 .0 4: 6 .5 4*2
6 .0
15*
f i r e d
u n f i r e d
4 .0
3 .8
3 .0  
;■ 6 .0
4*° 5 .9  ■ 4 .2 5
4 .2
17.
f i r e d
u n f ir e d
4 .0 4*0
5 4
4 .0  ‘ ! 4 . 8 4 .0
4 .8
............................. ,
f i r e d 4 .4 3 .7 4*5 6 .7 4 .8
I1 ab le  m 8 ,  Average r a t e  o f  expansion  o f  d i f f e r e n t  specim ens from 
d i l a t i o n  curves*
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Section II* Refractoriness under'load'tests*
? * II* 1 , fh e  r e s u l t s  o f  th e  r e f r a c to r in e s s  u n d er lo a d  t e s t s ,  f o r  
alum ina and s i l l  im an ite  specim ens a re  s t e m  ln  f ig * ; 8 to  13* As 
m entioned p re v io u s ly  th re e  ty p es  o f  t e s t s  were perfo rm ed ,
(a ) R is in g  tem p era tu re  t e s t
(b) C onstant tem p era tu re  t e s t
(e )  M odified  c o n s ta n t tem p era tu re  t e s t ,  when th e  lo a d  was a p p lie d  
a f t e r  a t t a in in g  th e  p a r t i c u l a r  tem perature*
As in  th e  d i l a t i o n  t e s t  th e  specim ens m entioned as ‘f i r e d * , were p r e f i r e d  
a t  1400@C# b e fo re  te s t in g *
Alumina ........
(a ) bonded w ith  e th y l  s i l i c a t e  ~ Mix* 1*
Y*II*2* fh e  u n f i r e d  specim en had  a  un ifo rm  r a t e  o f  expansion  u n t i l  
9S0°C (F ig* 20) , when a change p o in t  was n o te d * ; A lthough th e  a c tu a l  
s o f te n in g  tem p era tu re  was l280°C , < th e  curve  was n e a r ly  h o r is o n ta l  from 
1160°C ., . . e;.. . '
T*Il*3* lh e  f i r e d  specim ens behaved in  a  s im i la r  way (F ig* 2 2 ), 
ex cep t th a t  th e  t o t a l  expansion  was s l i g h t l y  h i # e r *  O th e rw ise , th e  
s lo p e  was u n ifo rm , showed an in f le x io n  a t  9S0°C, and had  no b e t t e r  
p ro p e r t ie s  th an  th e  u n f i r e d  specim ens*
T .11,4* F o r th e  c o n s ta n t tem p era tu re  t e s t  a t  1400°C, th e  u n f i r e d  spe­
cimen showed a  defo rm ation  o f  10$ in  j u s t  o v e r a n  h o u r (F ig *  2 4 )*  U nder
s im i la r  'c o n d itio n s  f : t h e ' f i r e d  specim ens:' d s fo rsg d  10$ in ' 'approxim ately  - 
4 i  ho u rs  ( f ig *  25) .  • ;;V-W# ■;};,
* Y#XX»9* ih en th e  specimen was tested  at 1350*0, there was I n it ia lly  
s ig n s  o f  r a p id  f a i lu r e *  b u t l a t a *  th e  defo rm ation  was n e g l ig ib le ,  and 
the to ta l deformation mm o n ly  approximately 6$ a fter  S hows-{Fig* 2$}# 
With a sim ilar  procedure at 1450°C,' instead o f  1350° C, "tbs sample showed 
10$':deformation within §'heuy'.{?ig*/-ft)* W i-;;;.--. '^-.:.-r
(b ) 'h b o n d ed ''w ith  sodAum s l l i o a t s  **. M ix * ^0 |t4 $ ■%&&-$* f
?*XX*&#- A ll’the unfirod spoetams'showed © .d istinct softening at  
isa^eraturstt-- between - $!&*£ ©id ?80o0 (Fig* 2 0 ) ,;.the magnitude was proport* 
ional ■ to the amount o f  - bond* ' - they showed a, change'point at temperature 
jus t  below: 1GO0°C* " The curve • then: m m ; @ te&dily t o ' Its. ■ f in a l soften ing  
point f : which m m  imm ■ X2J5*$ to ; 13X0*0,:' a s . the - amount o f  bond decreased* . 
in ovory'Oas« :th o^ ^ an sion  was - greater - than H i ,  1* • ■*
- g  T#Xt#7#:"A fte r f i r i n g  th e - p a t te r n ,  o f  o u rf^ o  wore s i m i l a r  ( f ig *  2 2 ) , 
e x c e p t- th a t  th e  s o f te n in g  a t  abou t 700° 0,'- d e c re a s e d , 'e n d  was a lm ost a b se n t 
in  Mix* * * The change p o in t  below  1000*0 was s t i l l  p r e s e n t  i n  each o f  
th e m * - f h a  f i n a l  io f te n i i ig  'points'''m m - s l i g h t l y : h ig h e r  th a n  th e  u n f i r e d  
m m f and were -1130*0* 13^0o0 and 1190*0 f o r  Mix* ! ,  4 aai 5 r e s p e c t iv e ly ,  
i* e * ,  In  a  d e c re a s in g  o rd e r  o f  bond c o n te n t .  , The- t o t a l  expansions were 
sim ilar*' ■< - v *■••■ i Ur->  ^ .■ - f .:. :;■■■■■ ?;:■,
V*2X*8*, In the-constant temperature te s t  a t 1400*0, Mix* 3 showed ■ 
only 5$ .  deformation a f t e r .  7 §  hours, whereas both Mix*. 4  m& 5 deformed
1 * 23$  a n d  0 * 7 3 $ \ r e s p e c t i v e l y  a f t e r  7 h o n r s  [T ig *  24}* t r a d e r  s i m i l a r  
c o n d i t i o n s  t h e  f i r e d  s p e c im e n s  sh o w ed  im p ro v e d  p r o p e r t i e s  ( F i g ,  2 3 ) y  
a n d  M ix , ,3  h a d  a b o u t  1 $  d e f o r m a t io n  a f t e r  7 h o u r s ,  w h ic h  w as t h e  
maximum*
T .I1 .9 * -W h e n  t h e  s p e c im e n s  w e re  t e s t e d  a t  13f?0o G, t h e i r  p r o p e r t i e s  
w e re  s t i l l  s u p e r i o r  t o  t h e  e t h y l  s i l i c a t e  ( F i g .  26 )*  % e n  i n s t e a d  o f  
1 3 5 0 ° C | t h e  t e m p e r a t u r e  w as f i r s t  r a i s e d  t o  1450°C» b e f o r e  a p p l y i n g  t h e  
l o a d .  M ix . 3 w as m ore  r e s i s t a n t  t o  d e f o r m a t io n  a f t e r  6 h o u r s  (F ig *  2 7 )*  
M ix . 5* b o th  o f  w h ic h  sh o w ed  n e a r l y  3$  d e f o r m a t io n  a f t e r  6 h o u r s ,
w e re  s t i l l  d e f o r m in g ,  h u t  a l l  o f  th em  w e re  s t i l l  b e t t e r  t h a n  M ix* 1*
( c )  b o n d e d  w i t h  p o t a s s i u m  s i l i c a t e  M ix . d ,  7 ,  a n d  8 .
Y ,1 1 ,1 0 *  As w i t h  t h e  s o d iu m  s i l i c a t e  b o n d  a l l  t h e  s p e c im e n s  s o f t e n e d
a t  t e m p e r a t u r e s  b e tw e e n  6dO®C a n d  8 0 0 ° 0  ( F i g .  2 1 )  • A g a in  t h e  e f f e c t  
d e c r e a s e d  w i t h  t h e  d e c r e a s e  I n  b o n d  c o n t e n t .  I n  t h e s e  a l s o  c h a n g e  o f  
s l o p e s  w as n o t i c e d  a t  98® °$ t o  1 0 0 0 ^ 0 , b e f o r e  t h e  c u r v e s  f o l l o w e d  s t e a d y  
s l o p e s ,  f h e  f i n a l  s o f t e n i n g  p o i n t s  w e re  s l i g h t l y  i n f e r i o r  t o  t h e  o t h e r  
tw o b o n d s  ( F i g ,  2 0 ) ,  a n d  w e re  b e tw e e n  1 2 0 0 ^ 0  a n d  1 2 6 0 °0 *
? ,  1 1 ,1 1 ,  On f i r i n g  t h e  s o f t e n i n g  a t  7 0 0 °  O d e c r e a s e d  ( F ig *  2 3 ) a n d
t h e  f i n a l  s o f t e n i n g  p o i n t s  o f  a l l  o f  th e m  i n c r e a s e d  t o  a b o u t  1 3 0 0 °C . 
U n l ik e  so d iu m  s i l i c a t e  ( F i g ,  2 2 ) b o n d e d  s p e c im e n s ,  t h e s e  s a m p le s  sh o w ed  
a  h i g h e r  t o t a l  e x p a n s io n  t h a n  t h e  u n f i r e d  o n e s .
V. 1 1 , 1 2 .  When t h e  u n f i r e d  s p e c im e n s  w e re  t e s t e d  a t  1400  0  f o r  t h e  
c o n s t a n t  t e m p e r a t u r e  t e s t ,  t h e y  sh o w ed  s l i g h t l y  b e t t e r  p r o p e r t i e s  th a n
9 0
1.2556,,andL 0*75$> r e s p e c t i v e l y  .a f te a ?  ?  h o u r s  ( F i g ,  2 4 )*  U n d e r  s i m i l a r  
c o n d i t i o n s  t h e  f i r e d  s p e c im e n s  sh o w ed  im p ro v e d  p r o p e r t i e s  ( f i g *  2 5 )  ,  
a n d  M ix , 3 h a d  a b o u t  %% d e f o r m a t io n  a f t e r  7 h o u r s ,  w h ic h  w as t h e  
m axim um,
T * 1 1 ,9 *  When t h e  s p e c im e n s  w e re  t e s t e d  a t  1 3 5 0 ° 0 f  t h e i r  p r o p e r t i e s  
w e re  s t i l l  s u p e r i o r  t o  t h e  e t h y l  s i l i c a t e  ( F i g ,  26) ,  % e n  i n s t e a d  o f  
1 3 5 0 ° C , t h e  t e m p e r a t u r e  w as f i r s t  r a i s e d  t o  1 4 5 0 °C , b e f o r e  a p p l y i n g  t h e  
l o a d .  M ix , 3 w as m o re  r e s i s t a n t  t o  d e f o r m a t io n  a f t e r  6 h o u r s  (F ig *  2 7 )*  
M ix* 4  a n d  5 *  b o t h  o f  w h ic h  sh o w e d  n e a r l y  9/» d e f o r m a t io n  a f t e r  6 h o u r s ,  
w e re  s t i l l  d e f o r m in g ,  h u t  a l l  o f  th em  w e re  s t i l l  b e t t e r  t h a n  Mix* 1 ,
( c )  b o n d e d  w i t h  p o t a s s i u m  s i l i c a t e  ** M ix* 6 ,  7* a n d  8 ,
Y ,1 1 ,1 0 *  As w i th  t h e  s o d iu m  s i l i c a t e  b o n d  a l l  t h e  s p e c im e n s  s o f t e n e d  
a t  t e m p e r a t u r e s  b e tw e e n  6 6 0 &C a n d  8 0 0 °  C ( F i g ,  2 1 ) ,  A g a in  t h e  e f f e c t  
d e c r e a s e d  w i t h  t h e  d e c r e a s e  i n  b o n d  c o n t e n t .  I n  t h e s e  a l s o  c h a n g e  o f  
s l o p e s  w as n o t i c e d  a t  98Q °0  t o  1 0 0 0 ° C , b e f o r e  t h e  c u r v e s  f o l l o w e d  s t e a d y  
s l o p e s ,  f h e  f i n a l  s o f t e n i n g  p o i n t s  w e re  s l i ^ t l y  i n f e r i o r  t o  t h e  o t h e r  
tw o  b o n d s  (F ig *  2 0 ) ,  a n d  w e re  b e tw e e n  1 2 0 0 ° C a n d  1 2 6 0 °C ,
Y , I I , 1 1 ,  On f i r i n g  t h e  s o f t e n i n g  a t  7 0 0 °.C d e c r e a s e d  ( F i g ,  2 3 ) a n d  
t h e  f i n a l  s o f t e n i n g  p o i n t s  o f  a l l  o f  th em  i n c r e a s e d  t o  a b o u t  1 3 0 0 °0 «  
U n l ik e  so d iu m  s i l i c a t e  ( F i g ,  2 2 )  b o n d e d  s p e c im e n s ,  t h e s e  s a m p le s  sh o w ed  
a  h i g h e r  t o t a l  e x p a n s io n  t h a n  t h e  u n f i r e d  o n e s ,
V, 1 1 * 1 2 , VJhen t h e  u n f i r e d  s p e c im e n s  w e re  t e s t e d  a t  140G 0 f o r  t h e  
c o n s t a n t  t e m p e r a t u r e  t e s t ,  t h e y  sh o w ed  s l i g h t l y  b e t t e r  p r o p e r t i e s  t h a n
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M ix* 1 ( f i g *  2 4 )#  b u t  w e re  i n f e r i o r  t o  s o d iu m  s i l i c a t e  b o n d e d  s p e c im e n s .  
M ix* 4 ,  w h ic h  i n d i c a t e d  t h e  b e s t  p r o p e r t y *  h a d  1 0 $  d e f o r m a t io n  i n  2$- 
h o u r s *  ( I n  s i m i l a r  t e s t s *  t h e  f i r e d  s p e c im e n s  d i d  n o t  show  a n y  im p ro v e ­
m en t a n d  w e re  i n f e r i o r  e v e n  t o  M ix* I  ( f i g ,  2 ^ )*
Y * II* 1 3 *  I n  t h e  m o d i f i e d  c o n s t a n t  t e m p e r a t u r e  t e s t  a t  1 3 5 0 °  CJ* a l l  
o f  th em  sh o w ed  b e t t e r  r e s u l t s  (F ig *  2 6 ) ,  b u t  w e re  s t i l l  i n f e r i o r  t o  
s o d iu m  s i l i c a t e  bo n d *  M ix* 7* w h ic h  w as t h e  b e s t *  a n d  h a d  a b o u t  3| $  
d e f o r m a t io n  i n  7 j  h o u r s  * A t 1 4 5 0 ° 0  t h e  m a t e r i a l  w as s o  s o f t  t h a t  t h e  
t e s t  c o u l d  n o t  b e  c a r r i e d  o u t*
S i l l l m a n i t e
( a )  b o n d e d  w i t h  e t h y l  s i l i c a t e  -  M ix* 9
Y*11*14* I h e  f i r e d  s a m p le s  sh o w ed  a  c o n s t a n t  e x p a n s io n  u n t i l  *?75°Cf 
w hen t h e r e  w as an  i n f l e x i o n *  a f t e r  w h ic h  t h e  o r i g i n a l  r a t e  o f  e x p a n s io n  
w as r e s u m e d  (F ig *  2 9 )*  The f i n a l  s o f t e n i n g  p o i n t  w as 1 3 0 0 °C , a l t h o u g h  
s o f t e n i n g  s t a r t e d  a t  a b o u t  1100°C *
Y *X I,15*  When t h e  f i r e d  s p e c im e n  w as h e l d  a t  1450°C * i t  S to w e d  
a  d e f o r m a t io n  o f  o n ly  s l i g h t l y  o v e r  4 $  a f t e r  7-J h o u r s  (F ig *  3 1 ) •
Y * I I , I d *  I n  t h e  m o d i f i e d  c o n s t a n t  t e m p e r a t u r e  t e s t  a t  14QQ°C* t h i s  
m a t e r i a l  w as e x t r e m e l y  r e s i s t a n t  t o  d e f o r m a t io n *  a n d  t h e  t o t a l  d e fo rm ­
a t i o n  w as l e s s  t h a n  1 $  a f t e r  7  h o u r s  (F ig *  3 2 ) ,  When* h o w e v e r*  t h e  
t e m p e r a t u r e  w as r a i s e d  t o  XJOO^C* t h e  s p e c im e n  sh o w ed  r a p i d  s i g n s  o f  
f a i l u r e *  a n d  h a d  d e fo rm e d  1 0 $  i n  h o u r s  ( F i g ,  3 3 )#
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( b )  b o n d e d  w i t h  so d iu m  s i l i c a t e  -  M ix , 1 1 ,  1 2  a n d  13
r j  Y ,1 1 ,1 7 * f h e  u n f i r e d  s p e c im e n s  u n d e r  a  l o a d  o f  50 I b s / s q . i n .  
s o f t e n e d  s l i g h t l y  b e tw e e n  6 0 0 ° 0  a n d  7 0 0 ° C ( F i g ,  2 8 ) ,  a n d  c o l l a p s e d  a t  
a b o u t  1G00# C* T h e  l o a d  w as i n c r e a s e d  f ro m  28  I b s / s q . i n * ,  t o  d e te r m in e  
A e t h e r  t h e  c h a n g e  p o i n t  a t  1 0 0 0 ° G r e p r e s e n t e d a s  a  t r a n s f o r m a t i o n  o r  
t h e  f o r m a t i o n  o f  a  l i q u i d #  ‘H ie c h a n g e  i n  t h e  l o a d  d e f i n i t e l y  i n d i c a t e d  
f o r m a t i o n  o f  a  l i q u i d ,  a s  t h e  s p e c im e n  c o l l a p s e d  c o m p le te ly  a t  iQOO°G 
u n d e r  5$ l b s / s q , i n *  l o a d ,
■ T i l l *18* A f t e r  f i r i n g  t h e r e  w as n o  lo w  t e m p e r a t u r e  s o f t e n i n g  
(F ig *  2 9 )*  f h e y  sh o w ed  a  c h a n g e  p o i n t  a t  a p p r o x im a te ly  1 0 0 0 ° C , a n d  t h e n  
d e c r e a s e d  r a t©  © f e x p a n s io n *  A l l  t h e  so d iu m  s i l i c a t e  b o n d e d  t e s t  p i e c e s  
sh o w ed  a  n e a r  h o r i z o n t a l  p o r t i o n  i n  t h e  c u r v e ,  b e f o r e  f i n a l  s o f t e n i n g ;  
S h e  am o u n ts  o f  t o t a l  e x p a n s io n s  f o r  t h e s e  w e re  l e s s  t h a n  t h a t  o f  M ix . 9* 
T *X I*19* When t h e  f i r e d  s a m p le s  w e re  h e l d  a t  1450° C ,  a l l  o f  th em  
sh o w ed  m uch f a s t e r  r a t e  o f  d e f o r m a t io n  t h a n  M ix . 9 ( F i g ,  3 1 )*  Mix* 13  
w as b e t t e r  t h a n  M ix* 1 1 ,  a n d  h a d  a b o u t  d e f o r m a t io n  a f t e r  5 h o u r s ,  
b u t  t h e  d e f o r m a t io n  w as c o n t i n u i n g  a t  t h e  sam e r a t e *
- Y . I I . 20* When t h e  t e s t  p i e c e s  w e r e  f i r s t  r a i s e d  t o  1 4 0 0 °C , a n d  
t h e n  t h e  l o a d  w as a p p l i e d ,  a l l  o f  th em  sh o w ed  go o d  p r o p e r t i e s ,  a n d  b o t h  
M ix . ,12.. a n d  M ix* 1 3  w e re  e q u a l  i n . s t r e n g t h  t o  M ix . 9 ,  a l t h o u g h  M ix . 11 
was s l i g h t l y  i n f e r i o r  ( F i g ,  3 2 ) .  When t h e  t e m p e r a t u r e  w as r a i s e d  t o  
1 5 0 0 °G , i n s t e a d  © f 140G0 C , M ix* 12  w as s l i g h t l y  s u p e r i o r  t o  M ix . 9 
( F i g ,  3 3 ) .
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( o )  b o n d e d  w i t h  p o t a s s i u m  s i l i c a t e  ** M ix . 15* 10 and. I f
7 * 1 1 ,2 1 *  U n d e r  a  l o a d  o f  28  t b s / s q . l n ,  u n f i r e d  s p e c im e n s  o f  M ix . 15  
c o l l a p s e d  a t  9 ^ 0 ° 0  ( F i g ,  2 0 ) .
'7 * XX*22* When f i r e d  t h e y  a l l  s o f t e n e d  a t  a b o u t  7 0 0 ° C9 t h e  e f f e c t  
d e c r e a s i n g  w i t h  d e c r e a s e d  q u a n t i t y  o f  bo n d *  a n d  w as a b s e n t  i n  M ix* I ?  
( F i g ,  3 0 ) .  A l l  o f  th e m  sh o w ed  a  c h a n g e  p o i n t  a t  1 0 0 0 °0 *  a n d  t h e n  p r o c ­
e e d e d  i n  a  s i m i l a r  w ay t o  M ix . %  A lth o u g h  t h e  f i n a l  s o f t e n i n g  p o i n t s  
f o r  t h e s e  w e re  s l i g h t l y  h i t l e r  t h a n  M ix* 9* s o f t e n i n g  s t a r t e d  a t  l e a s t  
1 0 0 ° C e a r l i e r *  f h e  t o t a l  e x p a n s io n  o f  M ix . I d  a n d  17» w e re  c o m p a ra b le  
t o  t h a t o f M i x * '  9 ,  b u t M i x .  15 w as s l i # t t l y  l e s s *  ' i n g e n e r a l  * th e y  a l l  
sh o w ed  h i ^ i e r  f i n a l  s o f t e n i n g  t e m p e r a t u r e s  t h a n  t h e  so d iu m  s i l i c a t e  
b o n d e d 'o n e s .  ■ "  Vi ■ f" " ri' ' " '  / v
T .I1 .2 3 . I n  t h e  c o n s t a n t  t e m p e r a t u r e  t e s t  a t  1 4 5O0 C# a l l  t h e  
s p e c im e n s  sh o w e d  b e t t e r  r e s i s t a n c e  t o  d e f o r m a t io n  t h a n  t h e  s o d iu m  
s i l i c a t e  b o n d e d  o n e s *  b u t  i n f e r i o r  t o  t h a t  o f  M ix . 9 (F ig *  3 1 )* B o th  
M ix . 16 a n d  17 d e fo rm e d  r a p i d l y  a t  f i r s t *  b u t  a f t e r  5  h o u r s ,  h a d  d e fo rm e d  
*1$ c o m p a re d  w i t h  n e 'a r l y  0  o f  M ix* 13.
7*11 ,24 . -When th e  t e s t  p ie c e s  were r a i s e d  to  1400°C b e fo re  ap p ly in g  
th e  lo a d ,1 they  a l l  showed v e ry  good r e s i s ta n c e  to  d e fo rm ation  as in  th e  
p rev io u s  c a se s  ( f i g ,  3 2 ), b u t when th e  tem p era tu re  was r a i s e d  to  1500°0 
t h e i r  s t r e n g th  was i n f e r i o r  to  b o th  sodium s i l i c a t e  and e th y l  s i l i c a t e  
bonds ( F i g , : 3 3 ).
D i s c u s s i o n
7 .1 1 ,2 5 . fh e  r i s i n g  tem p era tu re  t e s t s  were o f  s im i la r  n a tu re  to
t h e  d i l a t i o n  e h a r a c t e r i s t i c s  t e s t s ,  a n d  s o  g av e  M m i l a r  i n d i c a t i o n s  a n d  
c u r v e s ,  a l t h o u g h  t h e i r  m a g n i tu d e s  d i f f e r e d  a  g r e a t  d e a l*  
v, _ 7*11. 26# T he i n d i c a t i o n s  g iv e n  b y  t h e  s p e c im e n s  a g r e e d  w e l l  w i t h  
t h e  a c c e p t e d  e q u i l i b r i u m  d ia g ra m  o f  t h e  p a r t i c u l a r  system * . ...This a g r e e ­
m en t i s  n o t  v e t y  a c c u r a t e  a s  m o s t o f  t h e  o x i d e s  r e a c t  w i t h  e a c h  o t h e r  
v e r y  s l o w l y ,  a n d  h e n c e ,  i n  a  n o rm a l  t e s t  c o n d i t i o n  a s  h e r e , t h e  e q u i l -  
i h r iu m  d ia g ra m s  a r e  o n l y  a  r o u g h  g u id e *  ^
A lu m in a  ,. - : v . *■-. ■/,,.» . .v .:.
V, 11*27* The c h a n g e  p o i n t  a t  a b o u t  9 ^ 0 ° C, i n  M ix* 1  a g r e e s  w i t h  
t h e  a c c e p t e d  t e m p e r a t u r e  a t  w h ic h  m u l l i t e  fo rm e d  ( 7 6 ,  79* SO , 9®t 1 0 1 )*  
I h e t h e r  t h i s  i s  a  t r u e  a n d  s t a b l e  m u l l  i t©  h a s  b e e n  q u e s t i o n e d  b y  som e 
w o rk e r s  i n  r e c e n t  t i m e s .  I t  i s  p o s s i b l e  t h a t  m u .] l i t e  a t  t h i s  s t a g e  w as 
n o t h i n g  b u t  a  d i s o r d e r e d  n o n c r y s t a l l i n e  p h a s e (1 0 7 )*  S u b s e q u e n t  s t u d y  
o f  m i c r o s t r u c t u r e s  a n d  d i f f r a c t i o n  p a t t e r n s  r a t h e r  s u p p o r t e d  t h i s  i d e a .
T he f l a t t e n i n g  o f  t h e  r i s i n g  t e m p e r a t u r e  t e s t  c u r v e s  may b e  du e  t o  t h e  
p r e s e n c e  o f  a  s u b c r y s t a l l i n e  p h a s e  a l o n g  w i th  som e s i l i c a  g l a s s *  T he 
im p ro v e m e n t o f  t h e  e t h y l  s i l i c a t e  b o n d e d  t e s t  p i e c e s ,  w as b e c a u s e  t h e  
u n f i r e d  b o n d  p r o d u c e d  a  h i g h  t e m p e r a t u r e  com pound o n  f i r i n g ,
1T . I I . 28.  T he i n i t i a l  s o f t e n i n g  o f  t h e  a l k a l i  s i l i c a t e  b o n d e d  t e s t  
p i e c e s  i n d i c a t e d  t h e  s t a r t  o f  f o r m a t i o n  o f  new  a l k a l i ~ a l u m i n o - s i l i c a t e  
p h a s e s ,  i n  a  d i s o r d e r e d  p a r t i a l l y  l i q u i d  fo rm *  A s t u d y  o f  t h e  e q u i l i b r i u m  
d ia g ra m s  sh o w ed  t h a t  e u t e c t i c s  o f  lo w  m e l t i n g  p o i n t s  ( a b o u t  7 0 0 °C ) w e re  
l i k e l y  t o  o c c u r  i n  b o th  o f  th em  ( F i g .  2 a n d  3 ) ,  a n d  i t  may b e  e x p e c t e d
th e n *  t h a t  t h e  q u a n t i t y  o f  t h e  m e l t  s h a l l  g o v e rn  t h e  s t r e n g t h  o f  t h e  j
t e s t  p i e c e *  © i i s  w as fo u n d  t o  a g r e e  w e l l  w i th  t h e  e x p e r i m e n t a l  e v i d e n c e • j
T h e se  t e s t  p i e c e s  a t  a b o u t  1 0 0 0 ° C i n d i c a t e d  t h e  s t a r t  o f  f o r m a t io n  o f  
new  a l k a l i s  alum ino** s i l i c a t e  p h a s e s  i n i t i a l l y  i n  a  d i s o r d e r e d  g l a s s y  
fo rm *  , On f i r i n g *  t h e  u n f i r e d  s p e c im e n s ,  t h e i r  s i l i c a t e  m e l t  d i s s o l v e d
some m o re  a lu m in a  a t  h i g h e r  t e m p e r a tu r e s *  a n d  p ro d u c e d  t e r n a r y  com pounds*  !
w h ic h  c o u l d  a c c o u n t  f o r  t h e i r  im p ro v em en t*  A g a in  due t o  t h e  f o r m a t i o n  j.
' ' i
o f  a  l i q u i d  p h a s e *  t h e  s o d iu m  s i l i c a t e  b o n d e d  t e s t  p i e c e s  p r o d u c e d  a
• L'
s u p e r i o r  b o n d  t o  t h e  e t h y l  s i l i c a t e  o ne*  w h e re  t h e  r e a c t i o n  o c c u r r e d  
b e tw e e n  s o l i d  a lu m in a  a n d  s o l i d  am o rp h o u s s i l i c a .  S i m i l a r l y *  t h e  !
i n f e r i o r  p r o p e r t i e s  o f  p o t a s s i u m  s i l i c a t e  b o n d  w as du e  t o  t h e i r  i n c o m p le te  j
r e a c t io n  a t  th e  tem p era tu re  and tim e . The curves f l a t t e n e d  b e fo re  f i n a l
. -  ' _ ■ ■ |
s o f t e n i n g *  d u e . t o  t h e  f o r m a t i o n  o f  a  h ig h  v i s c o s i t y  g l a s s .  A t 1450°C *
i
t h e  l i q u i d  m e l t  p h a s e  c o u l d  n o t  b e  s t r e n g t h e n e d  b y  t h e  i n c r e a s e d  r a t e  o f
s o l u t i o n  o f  a lu m in a  I n  i t  a n d  s o  p r o v e d  t o  b e  a  p o o r  b o n d  o f  lo w  s t r e n g th * ;  -  ]
I
S i l l i m a n i t e
V . I I .2 9 *  M o st o f  t h e  u n f i r e d  t e s t  p i e c e s  o f  s i l l i m a n i t e  w e re  m uch 
w e a k e r  t h a n  t h e  a lu m in a  o n e s *  due t o  t h e i r  r e s i s t a n c e  t o  r e a c t i o n  w i th  
a l k a l i  s i l i c a t e s  a s  w e l l  a s  am o rp h o u s  s i l i c a .  As t h e  s i l i c a  g e l s  l o s t  
t h e i r  c h a i n  s t r u c t u r e  d u e  t o  d e h y d r a t io n *  w i t h  t h e  i n c r e a s e  i n  te m p e r ­
a t u r e *  t h e r e  w as n o  f o r c e  t o  h o l d  t h e  s p e c im e n s .  T he sam e lo w  t e m p e r a t u r e  
e u t e c t i c  f o r m a t io n *  a s  i n  a lu m in a  s p e c im e n s  w as t h e  r e a s o n  f o r  t h e
c o n trac tio n  a t  about 70G°C» Also the same reason ing , as fo r  the
© •
a lu m in a  s p e c im e n s ,  a p p l i e s  t o  t h e s e  f o r  t h e  c h a n g e  p o i n t s  a t  9^0  0 t o  * 
1 0 0 0 °0 *  F o r  t h e  e t h y l  s i l i c a t e  b o n d e d  t e s t  p i e c e s  ,  t h e  m u l l i t e  p o i n t  
e x i s t e d  du e  t o  in c o m p le te  " m u l i i t i z a t i e n 1* o f  t h e  g r o g  d u r i n g  c a l c i n a t i o n .  
T he d e c r e a s e  i n  t h e  r a t e  o f  t o t a l  e x p a n s io n  w as du e  t o  t h e  t o t a l  s o f t  
p h a s e s  p r e s e n t  f ro m  t h e  b o n d  a s  w e l l  a s  t h e  e x c e s s  s i l i c a t e  m a t e r i a l s  *
o f  t h e  g r o g ,  a n d  o f  c o u r s e ,  lo w e r  c o e f f i c i e n t  o f  e x p a n s io n  o f  c a l c i n e d  
a l u m i n o - s i l i c a t e s .  The f l a t t e n e d  p o r t i o n  o f  t h e  c u r v e s ,  b e f o r e  f i n a l  
s o f t e n i n g ,  w as due t o  t h e  f o r m a t i o n  o f  a  h i g h  v i s c o s i t y  p h a s e .
V . I I . 3 0 .  M ix . 9 ,  w hen h e l d  a t  l 5 0 b ° C ,  f a i l e d  r a p i d l y  due t o  
s i l i c a  g l a s s  l o s i n g  i t s  s t r e n g t h  a t  t h a t  t e m p e r a t u r e .  A t 1 5 0 0 °C , M ix . 1 2  
fo rm e d  a  s t r o n g e r  so d iu m  a l u m i n o - s i l i o a t e  g l a s s ,  w h ic h  g a v e  i t s  
s u p e r i o r i t y  o v e r  t h e  e t h y l  s i l i c a t e  o r  p o t a s s i u m  s i l i c a t e  a t  t h a t  
t e m p e r a t u r e .
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S e c tio n  -  X II. t r a n s v e r s e  bend s t r e n g th
V . I I I . l .  B e su lts  o f  th e  tra n s v e rs e  te n d  s tr e n g th  t e s t s  have been 
shown in  Fig* 34 to  Fig* 39 and summarized in  fa b le s  9 and 10 •
Alumina
(a )  bonded w ith  e th y l  s i l i c a t e  -  Mix* 1*
. V .I I I .3 *  From 1000°0 to  1200°C, Mix* 1 showed a  s tead y  ra p id  in c re a s e  
in  s t r e n g th ,  bu t a f t e r  t h i s  th e  r a t e  decreased  c o n s id e ra b ly  (F ig . 34)* 
V . I I I .3 .  -.When th e  f i r i n g  was c a r r ie d  o u t a t  120Q°C, th e  s t r e n g th  
o f  th e  m a te r ia l  was c o n s ta n t f o r  th e  f i r s t  2 hours (F ig . 3 6 ), th en  ro se  
to  a  maximum a f t e r  4 hours f i r i n g ,  b u t a f te rw a rd s  th e  s tre n g th  decreased  
ra p id ly ., . . ; , ,  , $ * ;>,</„
V .111*4* The s t r e n g th  o f  th e  specim en f i r e d  a t  1400°G was a t  f i r s t  
eq u a l to  th e  maximum s t r e n g th  o f  th o se  f i r e d  a t  1200°C (F ig . 3 9 ), b u t as 
th e  tim e o f f i r i n g  was in c re a se d  t h i s  d ecreased  r a p id ly  in  th e  f i r s t  
two h o u rs , and then  a t  a  reduced  r a t e .  These specimens f i r e d  a t  1400°C 
were always w eaker th an  th o se  f i r e d  a t  1200°C, a lth o u g h  th e  r a t e  o f  lo s s  
o f  s t r e n g th ,  when th e  f i r i n g  was s to p p ed , was g re a te r  in  th e  $&coi\d 
tem p era tu re  cf f i r i n g  th e  specim ens (F ig . 38) than  in  th e  f i r s t r l  
(F ig . 39) *
(b ) bonded w ith  sodium s i l i c a t e  -  Mix* 3 , 4 and 5*
V .I I .5 .  Mix. 3 had th e  h ig h e s t  s t r e n g th  o f  any m a te r ia l  t e s t e d ,  
even when f i r e d  a t  1000°C, fo r  two hours f i r i n g  (F ig . 34)* At h ig h e r
f i f i n g  tem p era tu re  (T able 9) ,  th e re  i s  a sharp  in c re a se  in  s t r e n g th  
above 1200°C*
7 ,1 1 1 .6 , The specim ens f i r e d  a t  1200°C (F ig . 38) and 1400°C 
(F ig , 39) b o th  showed -peak s t r e n g th s ,  b u t th ey  r e q u ir e d  lo n g e r  p e r io d s  
o f  so ak in g  th an  Mix* 1 to  a t t a i n  i t*
(o ) bonded w ith  po tass iu m  s i l i c a t e  -  Mix* 6 , 7 &n& 8 *
7* 111*7. Table 9 shows a  g rad u a l in c re a s e  in  s t r e n g th  f o r  th e  
specim ens* The r a t e  o f  in c re a s e  in  s t r e n g th  o f  Mix, 8* was n o t equiv­
a le n t  to  th e  o th e r  two i n i t i a l l y  (Fig* 35)* Mix* 6 had n e a r ly  th e  same 
s t r e n g th  as t h a t  o f  e th y l  s i l i c a t e  bonded t e s t  p ie c e s  a t  1400° 0*
7 . I I I .8 *  F i r in g  e i t h e r  a t  120Q°0 o r  a t  1400°C (T able 9) d id  n o t 
show a peak  s t r e n g th  in  e i t h e r  Mix* 6 o r  Mix* 8 (F ig . 38 and 39) ♦ The 
t e s t  p ie c e s  showed an approxim ate l i n e a r  in c re a se  in  s tre n g th  w ith  
in c re a s e  in  f i r i n g  tem peratu re*
S i l l im a n ite
(a )  bonded w ith  e th y l  s i l i c a t e  -  Mix* 9*
7*111*9* The t r a n s v e r s e  b re a k in g  s t r e n g th  as shown in  Table 10 , was 
v e iy  low f o r  th e s e  specim ens when f i r e d  a t  1000° C, b u t then  th e  bond 
s t r e n g th  in c re a s e d  a t  a  s te a d y  r a t e  w ith  the  h i ^ e r  f i r i n g  tem p era tu res  
(F ig . 3 5 ).
7.1X1*10. Table 10, in d ic a te s  t h a t  th e r e  was l i t t l e  change in  
s t r e n g th  when th e  t e s t  p ie c e s  were f i r e d  f o r  lo n g e r  p e r io d s  a t  e i t h e r
(b) bonded w ith  sodium s i l i c a t e  -  Mix* 11* 12 end 13#
7 * i I I * i l ,  The sodium s i l i c a t e  bond produced s im i la r  a ire n g th s  to  
th e  e th y l  s i l i c a t e  bonds as shown in  Table 10 . The v e ry  low s tre n g th s  
a f t e r  f i r i n g  a t  1000°C improved g ra d u a lly  as th e  tem p era tu re  o f  f i r i n g  , 
was in c reased *  (F ig , 3 6 ). ,v,; r -?
(c ) bonded w ith  p o tassium  s i l i c a t e  -  Mix* 15* 16 and 17#
7*11 ,12 , The b eh av iou r o f  t h i s  group o f  specim ens .was s im i la r  to  ; 
th o se  bonded w ith  e th y l  s i l i c a t e  and sodium s i l i c a t e  (F ig* 37) * b u t th e  
a c tu a l  s t r e n g th s  were low er as shown in  Table 10* ^
Discus s i  o n . . :
Alumina «- ■ v. r-A i^.' ■ : ' - s ’
7*i l l .  13« The i n i t i a l  sharp  r i s e  in  s t r e n g th  o f  th e  e th y l  s i l i c a t e  
bonded t e s t  p ie c e s  cou ld  be ex pec ted  due to  th e  fo rm ation  o f  a s ta b le  
a lu f f l in e - s i l io a te .  Once t h i s  formed* i t s  r a t e  o f  growth was n o t f a s t  
enough to  m a in ta in  th e  r a t e  o f  s t r e n g th  in c re a s e (1 1 7 ). When th e  f i r i n g  
was prolonged* th e  s t r e n g th  in c re a se d  u n t i l  a l l  th e  a v a ila b le  s i l i c a  
was exhausted* and in  th e  absence o f  a l i q u id  phase (needed f o r  g ra in  
growth) th e  m a te r ia l  was an I n t e r s t i t i a l  p h a se (1 1 8 ), which w i l l  account 
f o r  the drop in  s t r e n g th  as th e  tim e o f  f i r i n g  was inc reased *  From a  
s tu d y  o f  th e  alum ina s i l i c a  e q u ilib r iu m  diagram  (F ig . l )  th i s  phase may 
be ex p ec ted  to  be s im i la r  in  com position  to  m u llite*  a lthough  th e  a c tu a l
c o m p o s i t io n  may n o t  b e  s t o i c h i o m e t r i c .
7 ,1 1 1 .1 4 *  The f o r m a t i o n  o f  a  l i q u i d  p h a s e  b e lo w  1 0 0 0 ° G ( F i g .  2 
A lu m in a  s i l i c a  s o d iu m  o x id e  s y s te m )  w as r e s p o n s i b l e  f o r  t h e  r i s e  i n  
s t r e n g t h  o f  t h e  so d iu m  s i l i c a t e  b o n d e d  t e s t  p i e c e s ,  i n  a g r e e m e n t  w i t h  
t h e  p r e v io u s  tw o S e c t i o n s  ( i . e . , D i l a t i o n  c h a r a c t e r i s t i c s  a n d  R e f r a c t o r ­
i n e s s  u n d e r  l o a d  t e s t s )  * . A l l  t h e  s i l i c a t e s  p r e s e n t  w o u ld  n o t  b e  e x p e c t e d  
t o  a c t  im m e d ia te ly  a n d  t h e  r e m a i n in g  s i l i c a  s h a l l  b e  p r e s e n t  i n  a  
d i s p e r s e d  fo r m ^  A t h i g h e r  t e m p e r a t u r e s  t h i s  h e te r o g e n e o u s  p h a s e  r e a c t e d  
m o re  c o m p le t e ly  a n d  p r o d u c e d  a  b e t t e r  b o n d , , T h is  w as m o s t  p ro n o u n c e d  
i n  M ix* 3> w h e re  t h e  am oun t o f  s i l i c a  i n  t h e  b o n d  w as h i g h e s t .  W ith  
i n c r e a s e d  f i r i n g  p e r i o d s ,  t h i s  p h a s e  b e h a v e d  i n  a  s i m i l a r  w ay t o  g l a s s ,  
a n d  t h e  s t r e n g t h  d ro p p e d *
7 * 1 1 1 .1 3 *  T he  b e h a v io u r  o f  p o t a s s iu m  s i l i c a t e  s h o u l d  h a v e  b e e n  
s i m i l a r ,  b u t  d o e  t o  t h e  s l u g g i s h n e s s  o f  r e a c t i o n ,  t h e  r a t e  o f  b o n d  
f o r m a t i o n  w as lo w ,  a n d  i n  f a c t  i t  w as n o t  c o m p le te  a f t e r  6 h o u r s .
S11lim a n ite
7 * X I I . 16* The a b s e n c e  o f  an y  r e a c t i o n  b e tw e e n  e i t h e r  s i l i c a  o r  
a l k a l i  s i l i c a t e  w i th  c a l c i n e d  k y a n i t e  o r  m o l o c h i t e ,  when t h e y  l o s t  
t h e i r  g r e e n  s t r e n g t h  du e  t o  d e h y d r a t io n ,? / a s  t h e  c a u s e  o f  V e ry  lo w  
s t r e n g t h s  o f  t h e  s i l l i m a n i t e  t e s t  p i e c e s  a t  1 0 0 0 °G . T he c o m p a r a t i v e l y  
lo w  s t r e n g t h s  o f  a l l  t h e s e  a t  o t h e r  t e m p e r a t u r e s  m ay a l s o  b e  a t t r i b u t e d  
t o  t h e  v e r y  s l u g g i s h  r e a c t i o n  r a t e  o f  t h e s e  a lu m in o  - s i l i c a t e  m a t e r i a l s .
M S  f
The r e a c t io n  n ev er approached co m p le tio n , ex cep t when th e  a l k a l i  ox ide 
co n ten t o f  th e  bond was in c re a s e d , in  th e  so dims s i l i c a t e  bonds (Mix# 14 -  
Fig# 36) # I’he c a lc in e d  k y a n ite  o r  m oloeh iie  c o n s is te d  o f  f r e e  s i l i c a  
g la s s  in  m u l l i t e ,  and so  th e  s i l i c a t e  m elt had to  e i t h e r  d is so lv e  more 
s i l i c a  (a s  s o lu t io n  o r  compound), o r  breakdown th e  S ta b le  m u ll i te  s t r u c tu r e  
i n  o rd e r  to  form a  b e t t e r  bond# I s  e x p ec ted , th e se  were more fav o u red  
a t  h i ^ i e r  tem pera tu res#  r  ■"
F*XIX# 17# fh e  low er S tre n g th s  a f t e r  lo n g e r  p e rio d s  o f  f i r i n g  was 
due to  th e  developm ent o f  c ra ck s  in  b o th  th e  grog and g la ssy  p h ase , as 
n o te d  l a t e r  in  th e  m ic ro s tru e tu re #
JJ6
Mix* 
No * : '
Com position
(Bond)
F ir in g
Average b reak in g  s t r e n g th  in  ■■ 
lh s / i n 2 X10-3
*  121 
° c 0 hours
Soaking 
2 hours
p e n o a s . 
4 hours 6 hours
i* ,2$ S i0 2 ; - 1000
1200 5.87
1.01
5.87 11.6 7 .8
1400 12.7 7.05 6.35 5.87
■ 3. ■ 1 .6 $  SiO- and 
0 .4 $
1000 : 
1200 4 .0 3
6 .0 5
6 .3 5 7 .8 6 .5 4
1400 6 .54 10.1 7 .5 4 .6 5
4 . 1*3$ SiO,, and 
0*4$ 0
1000 
1200 V 
1400
■; •
1.73
2.02
5.76
■. ■. .
1*0$ SiO 'and 
0 .4 $  Na2 0
1000
1200 2.32
1.27
3.46 3.75 2.45
1400 3.75 6 .6 3 5.18 4 .90
6 . 1 .68$  SiO„and
0*4$ NgO
1000
1200
1400
6 .3 5
6 .9 1
4 .62
6.91
7.25
7.50
7 .8
8 .95
10 .5
7 . ■1*3$ S i0 9 and 
0*4$ * 2< r
1000
1200
1400
3.75
5-48
5.78
8 . 1 .0 $  S i0 9 and 
0 .4 $  K20*
1000
1200 2.77
2.31
2.88 3.58 3 .75
1400 4 .6 3 5.01 5 .76 7.20
Stable 9* tr a n s v e r s e  bend s t r e n g th  o f  alum ina specim ens when bonded
w ith  e tb y l  s i l i c a t e f  sodium s i l i c a t e  and po tassium  s i l i c a t e *
: Mix* 
■ 3Sb.
Com position
(Bond)
: F i r in g  
! temp* in  
°C
Average b reak in g  s t r e n g th  in  - 
lb s / in ^  X1Q~ 3
0 hours
SoaJfcii 
2 hours
ag p e rio d s  
4 hours : 6 ; hours.
: 9* "• 2fo S.iOg : :: 1000 ■' 1 .21
; 1200 1.84 ; 1 .75 1.53
1400 4.25 3.25
11. 1 .6 $ S iO . and iooo
...0*436 He A2 - ■' 1200 1 .36
; 1400 ■ 4 .3 2  ■
12* 1*336 SiO* and iooo
0 .4 $ 0 1200 1.29
1400 3.05
13* 1*036 SiO and 1000 : 0 .29  
1*560*436 c> 1200 ■
• 1400 2 .94
15* ■' 1*6836 SiO,jand "lOOO O.52
0.436 h ° ; ' 1200 . 1.29
1400 : 3.15
15* " 1.336 S iO , and 1000 O.52
0*436 s ° 1200 : ■ 1.58
1400 2.88
17 . 1.036 SIO and 1000
■ 0.436 E 2 ° 1200 1.01
1400 2.82
'T ab le  1 0 .  f r a n s v e r s e  b e n d  s t r e n g t h  o f  s i l l i m a h i t ©  s p e c im e n s  when
■bonded w i th  e t h y l  s i l i c a t e *  s o d iu m  s i l i c a t e  a n d  p o ta s s iu m  
s i l i c a t e *
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S ection  -  IT* Study o f m ic ro s tru c tn res
R e f le c te d 'l ig h t  m icroscopy :
Alumina
(a )  “bonded w ith  e th y l  s i l i c a t e  *■ Mix* 1*
* -. ©
F . I f . l .  When th e  specim en was h e a te d  to  1000'G la rg e  p a tch es  o f
g la ssy  m a te r ia l  were observed  a l l  o v e r th e  specim ens (Fig* 40)« As 
th e  f i r i n g  tem p era tu re  was in c re a se d  to  1400°C th e  amount o f  g la ss  dec­
re a se d  (Fig* 41)»  and th e  a lum ina g ra in s  became more un ifo rm  in  appear­
ance* The g ra in  in  th e  p ic tu r©  showed an alm ost pu re  g ra in  w ith  an even 
d i s t r i b u t io n  o f  pores*  Some m inute c r y s ta l s  appeared in  th e  a re as  between 
th e  la rg e  alum ina g r a in s ,  which had form ed as a  r e s u l t  o f  th e  in te r a c t io n  
betw een th e  s i l i c a  and th e  f in e  alum ina; So m u l l i t e ,  e i t h e r  as an 
independent c r y s ta l  o r  as a re a s  on th e  in te r f a c e s  cou ld  be d is t in g u is h e d  
o p t i c a l ly !  When th e  specim en was f i r e d  a t  1200°O f o f  $ h o u rs ; i t s  
appearance was s im i la r  to  t h a t  o f  Fig* 41* There was a  marked change 
in  m ic ro s tru e tu re  when th e  specim en was f i r e d  a t  1400°C f o r  a  s h o r t  
p e r io d .  The p o ro s i ty  d ecreased  c o n s id e ra b ly  (F ig . 4 2 ) ,  and in  c e r t a in  
a reas  th e  in te r a c t io n  between th e  h ig h ly  d isp e rse d  s i l i c a  phase and th e  
a lum ina s u r fa c e  was marked. Even in  a reas  between th e  l a r g e r  g r a in s ,  a  
c e r ta in  amount o f  a  v e ry  f in e  p& C cip ita ted  phase app eared . A fte r  f i r i n g  
th e  specim en a t  140G°G f o r  6 hours n o tic e a b le  g ra in  growth took p la c e
(b ) bonded w ith  sodium s i l i c a t e  -  Mix* 3 and 5* * :
 ^ ■Y ,IY .2 , The specimen f ix e d  a t  looo^O (Fig* 44) was s im i la r  to
Pig* 4 0 , b u t when t h i s  m a te r ia l  was f i r e d  a t  14G0°C, th e  p o ro s i ty  ;
d ec reased  and a bond developed w ith  f in e  d isp e rse d  alum ina in  i t  
(P ig* 45)* When th e  specim ens were f i r e d  a t  1200°C f o r  d hours 
(Fig* 4^) and 1400°C f o r  0 hours (P ig , 4 7 ) ,  t h e i r  te x tu re  and 
s t r u c t u r a l  d i s t r ib u t io n  were s im i la r ,  b u t was c l e a r ,  how ever, t h a t  
w ith  th e  s h o r te r  tim e o f  f i r i n g ,  th e  m a tr ix , o f  P ig . 47 had  developed 
b e t t e r  c r y s ta l s  th an  F ig . 4^* which a lso  had  much l a r g e r  v o id  a r e a s .
These c r y s ta l s  were p ro b ab ly  form ed by th e  s o lu t io n  o f  alum ina in  
a l k a l i  s i l i c a t e s ,  o r  a l k a l i  a lu m in o -s i l i e  a t  e s .  f Continuous in te r g r a n u la r  
vo ids were n o tic e d  in  a  number o f  a re a s  o f  th e  specim ens f i r e d  a t  
1400°C f o r  6 hours (P ig . 4 8 ) ,
V.IV.3* A c e r t a in  amount o f  bond developed when Mix, 5  was f i r e d  
a t  1400°C f o r  2 hours (F ig . 49)* I t  s t i l l  c o n ta in ed  a p p re c ia b le  a re as  
o f  vo id s  betw een th e  g r a in s ,  A f te r  f i r i n g  a t  1400°C f o r  0 hours (P ig . 50) 
and 6 h o u rs  (P ig . 5 1 ), th e  m icros tru e  tu re s  were v e ry  s im i la r ,  excep t 
t h a t  in  th e  very  l a s t  o n e , th e re  was a  l i t t l e  more sh rin k ag e  th an  
F ig , 50* Both had developed a  m ic ro o ry s ta l l in e  phase in  th e  bond and 
th e  bond d i s t r i b u t io n  was b e t t e r  th an  Mix. 3 (Pig* 4 8 ) .
( 0 ) bonded w ith  p o tassium  s i l i c a t e  -  Mix, 6 and 8 ,
V .IV .4 , The bond developm ent was s im i la r  to  t h a t  o f  sodium s i l i c a t e  
bond, when f i r e d  a t  1000°C (P ig , 52)* && h i ^ i e r  tem p era tu res  th e se  had
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i n f e r i o r  "bonds to  tlie  sodium s i l i c a t e  o n es . The g la s sy  bond from th e  
s i l i c a t e  m elt had a  few d isp e rse d  f in e  alum ina g ra in s  in  i t .  When f i r e d  
a t  1400°C f o r  2 hours th e  bond was b e t t e r  (F ig . 53) * F ir in g  a t  h ig h e r  
tem p era tu res  and lo n g e r  p e rio d s  showed improved bonds and decreased  
p o ro s i ty  (F ig , 54* 55"a»d 5&)t (even th e  in te r n a l  p o ro s i ty  o f  alum ina 
g ra in s  d e c re a se d ) . The specimen f i r e d  a t  1200°C f o r  6 hours (F ig . 54)* 
had a  s im i la r  appearance to  Mix. 3 f i r e d  a t  1400°C f o r  0 h o u rs ,(F ig ,  55) 
and a lth o u g h  i t  was o f  good d e n s i ty ,  i t  was no t com parable to  th e  o th e r  
tw o, i . e . ,  F ig , 54 and F ig . I t  i s  p ro b ab le  t h a t  h ig h e r  tem p era tu re
d e stro y ed  th e  d e s ir e d  bond which had a lre a d y  form ed. The e f f e c t  was 
s im i la r  when f i r e d  a t  1400°C f o r  6 hours (F ig , 5^) t b u t h e re  th e  alum ina 
g ra in s  were b e t t e r  packed and th e  d i s t r ib u t io n  o f  bond was s l i ^ i t l y  
b e t t e r .  Y;> v'"5
IT ,IT ,5 . F i r in g  a t  1400°0 f o r  2 hours produced la rg e  in te r g r a n u la r  
v o id s  in  Mix, 8 (F ig , 57) • When t h i s  was f i r e d  a t  I2006 C f o r  6 hours 
v e ry  l i t t l e  bond form ed, bu t th e re  was ev idence o f  a c e r t a in  amount o f  
m echanical adhesion  o f  g ra in s  and a  d isco n tin u o u s  g la ssy  la y e r  (F ig . 58) ,  
A fte r  f i r i n g  f o r  6 hours a t  1400°C, th e  bond had form ed b u t some 
e x ce ss iv e  vo ids were a lso  n o tic e d  (F ig , 59)*
S i l l im a n i te  '
(a ) bonded w ith  e th y l  s i l i c a t e  -  Mix. 9 ,
a
T .IT .6 . When th e  specim en was f i r e d  a t  1000 C f o r  2 h o u rs , s i l i c a
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d id  n o t r e a c t  s u f f i e i e n t l y  to  p ro d u c t th e  in ten d ed  'bond (F ig , 6 o ) ,
A fte r  f i r i n g  a t  3-400°C f o r  2 h o u rs , th e  specim en developed one Of th e  
b e s t  bonds o f  a l l  th e  s i l l i a a n i t e  m a te r ia ls  (F ig . 6 l ) ,  fh e  g la ssy  
phase almost f i l l e d  th e  i n t e r s t i c e s  betw een th e  l a r g e r  grog g ra in s ,  
the  edges o f  th e  g ra in s  l o s t  t h e i r  sh a rp n ess  due to  d is s o lu t io n  and 
d i f f u s io n  e f f e c t s  and a  c e r ta in  amount o f  a  new c r y s t a l l i n e  phase was 
a lso  noted*
(b ) bonded w ith  sodium s i l i c a t e  -  Mix, 11 and 13*
A fte r  f i r i n g  Mix, 11 f o r  2 hours a t  1000°C, th e re  was 
c le a r ly  no e f f e c t iv e  bond (F ig , 6 2 ) , A l i t t l e  f in e  s c a t te r e d  m u ll i te  
(p robab ly  from  f in e  c a lc in e d  k y a n ite )  was p r e s e n t ,  b u t t h i s  d id  n o t 
improve th e  bond, When f i r e d  a t  1400°C f o r  2 h o u rs , b o th  Mix, 11 (F ig , 63) 
and Mix. 13 (F ig . 64) in d ic a te d  th e  s t a r t  o f  a  fu se d  bond, bu t due to 
th e  s lu g g ish n e ss  o f  r e a c t io n  between th e  c a lc in e d  a lu m in o -s i l ic a te s  
and h ig h  s i l i c a  a l k a l i  s i l i c a t e s ,  th e  amount was s m a ll ,  when compared 
w ith  th e  a lum ina specim ens. A f te r  f i r i n g  a t  h ig h  tem p e ra tu res  a ls o ,  
the  vo ids were o bserved  to  p e r s i s t ,
(c )  bonded w ith  po tassium  s i l i c a t e  -  Mix. 15 and 1 ? .
F ,I T ,8 ,  As b e fo re ,  sam ples a f t e r  2 hours o f  f i r i n g  a t  1000°C 
showed t h e i r  i n f e r i o r  bond, due to  th e  absence o f any bond l in k s  between 
th e  a d jac e n t m o lo ch ite  g ra in s  ( f i g ,  65 ) ,  and even th e  g ra in  su rfa c e s  
were no t w e tted  by th e  a l k a l i  s i l i c a t e s .  At h ig h e r  tem p era tu res  (1400°C) 
the  volume o f  th e  bond was im p o rtan t. With a  s m a lle r  amount, th e re  was
n o t s u f f i c i e n t  to  f i l l  th e  i n t e r s t i c e s  (F ig . 67)» b u t w ith  a  la r g e r  
amount t h i s  c o u ld  be ach ieved  -  Mix, 1$ when f i r e d  a t  1400°G f o r  
2 .hours (Fig* 6 6 ) ,
T ran sm itted  l i g h t  m icrosoony
A ja a is a  v? ?; v -  ;f  ;
(a )  bonded w ith  e th y l  s i l i c a t e  -  M is. 1#
V.XY.9* Only corundum was v i s ib l e  in  Fig* 6 8 , when Mix. 1 was 
f i r e d  f o r  2 hours a t  1000°0, From o b se rv a tio n s  w ith  c ro sse d  n ic o ls
V -  -e. , ■
some is o t r o p ic  phase was a lso  n o te d . At 1200 0 , sm all a re as  o f  
s i l i c a t e s  were observed  on th e  in te r f a c e s  between th e  a lum ina g ra in s  
and th e  bond (F ig , 69) .  With In c re a s e  in  tim e o f  f i r i n g ,  th e  a re as  o f  
a lu m in o - s i l ic a te s  s l i g h t l y  in c re a s e d  (Fig* 70)* A f te r  4 hours a t  
1200°C, t h 3 g ra in s  s t a r t e d  to  change i n t e r n a l ly ,  w ith  a  r e d i s t r i b u t io n  
o f  p o res  (F ig , 71)* Some o f  th e  g ra in s  showed a number o f  m ie ro c rack s .
A few o f  th e  sm all alum ina g ra in s  were n o ted  to  have changed b u t cou ld  
no t be d e f in i t e ly  i d e n t i f i e d  as l a u l l i t e .  Some o f  th e  g la ssy  s i l i c a  
s t i l l  e x i s t e d .  F u r th e r  in c re a s e  in  f i r i n g  tim e d id  n o t produce a 
marked change in  m ic ro s tru c tu re . When th e  specimen was f i r e d  a t  1400°C 
an im m ediate in c re a s e  in  th e  r a t e  o f  in te r a c t io n  between th e  s i l i c a  and 
alum ina was n o te d  (F ig , 7 2 ) ,  and th e  in te r n a l  p o ro s i ty  o f  th e  alum ina 
g ra in s  co n tin u ed  to  decrease*  When th e  f i r i n g  tim e was in c re a se d  to  
4 h o u rs , m icrocracks in c re a s e d , u s u a lly  a long  a d e f in i te  d i r e c t io n  (F ig ,73)•
(b ) “bonded w ith  sodium s i l i c a t e  Mix, 3 and 5 . .
^ -  V.IIT.IO*' When Mix * 3 was f i r e d  a t  300° 0 f o r  two h o u rs , a  c o n s id e r-  
a b le  a re a  o f  g la s s y  phase was observed  (Fig* 74) t  Some had  even pene-* 
t r a t e d  in to  th e  c racks and s u rfa c e  p o res  o f  alum ina g r a in s ,  bu t no 
w e ttin g  o f th e  s u r fa c e  in  s i l i c a t e  c r y s ta l s  were n o t ic e d ,  The g la s s  
was p robab ly  due to  th e  m e ltin g  o f  sodium s i l i c a t e *  At 1000°C th e re  
was no g re a t  improvement (F ig* 75) * on ly  a  ve ry  sm all amount compound 
o f  sodium s i l i c a t e  and alum ina was p r e s e n t ,  JHhen f i r e d  a t  1000°C f o r  
2 h o u rs , Mix, 3 e x h ib ite d  s l i g h t  p e n e tr a t io n  o f  th e  l iq u id  phase in to  
th e  g ra in s  o f  a lum ina (Fig* 76) which co u ld  be e i t h e r  due to  c a p i l l a r y  
flo w  o r  d i f f u s io n ,  a lth o u g h  th e  form er i s  more p ro b a b le . At l 40G°C, 
th e  above e f f e c t s  in c re a s e d  (F ig , 7 7 ) , a  p a r t ly  c r y s ta l l in e  compound 
(corundum) was n o tic e d  as ve ry  sm all a re a s  in  between th e  la rg e  g r a in s .  
The e f f e c t s  w ith  d ecrea sed  amounts o f  s i l i c a t e  g la s s  (Mix. 4 and 5) 
were s im i l a r ,  b u t c o rre sp o n d in g ly  l e s s ,  Ihen  Mix. 5 was f i r e d  a t  
1400°C, some o f  the  s i l i c a t e  m e lts  were absorbed  by th e  alum ina g ra in s  
(F ig . 7 3 ) . With an in c re a s e  in  f i r i n g  tim e some v e ry  f in e  c r y s ta l s  
developed in  the  is o t r o p ic  m a tr ix  (F ig . 79)*
(c )  bonded w ith  po tass iu m  s i l i c a t e  -  Mix. 6 and 8 ,
T ,I T .11 , These fo llo w ed  a  s im i la r  p a t te r n  when compared w ith  th e  
c o rre sp o n d in g  sodium s i l i c a t e  bonded specim ens. At 1000°G, v e ry  s l i g h t  
r e a c t io n  was o b serv ed . At 12G0°C, very  few a reas  s im i la r  to  po tass iu m  
aluminium s i l i c a t e  were n o tic e d  in  M ix. 6 (F ig , 80) and th e  edges o f
v some alum ina g ra in s  l o s t  t h e i r  sh arp n ess  due to  r e a c t io n  w ith  th e  
s i l i c a t e  m elt and th e  e f f e c t  in c re a se d  w ith  in c re a se  in  tim e and f i r i n g  
.te m p e ra tu re , ?/hen Mix* 7 was f i r e d  a t  1200°0 f o r  2 h o u rs , few p a r t i a l l y  
c r y s t a l l i n e  phases o f  po tass iu m  alumino s i l i c a t e  were observed  (F ig , 8 1 ) , 
Also when Mix* 8 was f i r e d  a t  1200°0 f o r  2 h o u rs , s l i g h t  p e n e tr a t io n  
o f  th e  m elt in  th e  s o l id  phase was n o ted  (F ig , 8 2 ) , With lo n g e r  f i r i n g  
tim e , sh arp  b o u ndaries  between the  g ra in s  and th e  g la ssy  phase were 
l o s t ,  and a lso  th e  co rn e rs  o f  th e  alum ina g ra in s  were rounded o f f , When 
th e  specim en was f i r e d  a t  1400°0 fo r  2 h o u rs , i t  showed a  d i s t i n c t  
d if f u s io n  son© (F ig , 8 3 ) , and th e  bond c o n s is te d  o f  m inute p a r t i a l l y  
c r y s t a l l i n e  p a r t i c l e s  d is p e rs e d  in  g la s s ,
S i l l im a n i te
(a ) bonded w ith  e th y l  s i l i c a t e  -  M ix, 9*
V,IY,12* When f i r e d  a t  1000°0 f o r  2 h o u rs , some s c a t te r e d  k y a n ite  
p a r t i c l e s  and s i l i c a  g la s s  were n o tic e d  in  between l a r g e r  m oloch ite  
g ra in s  (F ig , 84) b u t th e re  was no continuous bond. With h ig h e r  f i r i n g  
te m p e ra tu re s , th e  amount o f  s i l i c a  g la s s  a p p a re n tly  d e c rea se d , b u t t h i s  
was due to i t s  b e t t e r  d i s t r i b u t io n .  At 1400°C, sh rin k ag e  s t a r t e d ,  th u s  
d e c rea s in g  th e  v o id  volum es,
(b) bonded w ith  sodium s i l i c a t e  -  Mix, 11 , 12 and 13*
; : Y ,IY ,13 , The u n f i r e d  specim ens showed a number o f  a l k a l i  s i l i c a t e
c r y s t a l s ,  w ith  k y a n ite  p a r t i c l e s .  At 1000°C a lso  th e re  was l i t t l e  
in d ic a t io n  o f  any re a c t io n  o r  new p h a se . At h i # e r  tem p era tu res  th e
4 3 / i
k y a n ite  g ra in s  s t a r t e d  to  lo s e  th e  sharp  edges and new sm all phase was 
n o ted  (Fig* 85)* Mix* 12 and Mix* 13 were s im ila r*  With in c re a se  in  
f i r i n g  te m p e ra tu re s , th e  g la ssy  phase decreased*
(c ) bonded w ith  po tassium  s i l i c a t e  ~ Mix* 15» 16 and 17*
V*IV*14* With' po tassium  s i l i c a t e  very  s l i ^ i t  in te r a c t io n  was 
n o tic e d  a t  1000°G (Fig* 86)* Most o f  th e  a r e a s /s c a t te r e d  g la s s ,  w ith  
o c c a s io n a l tra p p e d  in c lu s io n s*  At h ig h e r  tem p era tu res  th e  volume o f  
r e a c t io n  in te r f a c e s  inc reased *  When s m a l le r  volume o f  bond m a te r ia l  
was added th e  r e a c t io n  ©lowed down a g a in , and th e  t o t a l  amount o f  
r e a c te d  phase was red u ced  (F ig , 87)*
D iscu ssio n  
Alumina
Y*I?,15* As was ex p ec ted  from a s tu d y  o f th e  alum ina s i l ic a *  
e q u ilib r iu m  diagram , a t  co m parative ly  low tem p era tu res  (1000°C), 
amorphous s i l i c a  was th e  on ly  phase p re s e n t o th e r  th an  th e  alum ina 
g r a in s .  At h ig h e r  tem p era tu res  th i s  s i l i c a  s t a r t e d  to  r e a c t  w ith  th e  
a lum ina , b u t co u ld  no t produce m u ll i te  n eed le s  o f a p p re c ia b le  s i z e .  As 
th i s  g la s s  d is so lv e d  corundum, i t  gave r i s e  to  secondary  m u ll i te  a t  th e  
boundary o f  th e  g r a in s .  In  th e  v i r t u a l  absence o f  l iq u id  phase any 
m u l l i te  c r y s ta l s  form ed would be ex ceed in g ly  sm a ll, as th ey  would n o t 
have chance to  grow, and hence would n o t have t h e i r  c h a r a c t e r i s t i c  n eed le  
s t r u c tu r e  and a l l  th e  m u ll i te  form ed would e x i s t  i n t e r s t i a l l y  in  th e
prim ary  corundum* The r e d i s t r i b u t io n  o f  po res  and th e  development o f  
th e  i n t e r s t i a l i y  p h a se , would he d i f f u s io n  c o n tro l le d ,  and h en ce , a  
tim e tem p era tu re  f u n c t io n ,  e j e c t e d  to  he slow  a t  low tem peratu res*
T*rST*16* When th e  m ic ro s tru c tu re s  were compared w ith  th e  tra n s v e rs e  
b reak in g  s t r e n g th ,  th e  in c re a s e  in  s t r e n g th  in  F ig . 41 was due to  th e  
r e d i s t r i b u t io n  o f  p o res  in  th e  alum ina g ra in s  and to  th e  in te r a c t io n  o f  
alum ina and s i l i c a  g la s s .  The d ecrease  in  s t r e n g th  in  Fig* 4 3 , was 
r e l a t e d  to  g ra in  growth o f  th e  a lu m in o -s i l ic a te  phase*
V .IV .l? , In  c o n t r a s t  to  the  b eh av io u r o f  e th y l  s i l i c a t e ,  th e  
a l k a l i  s i l i c a t e  p roduced a  l i q u id  phase a t  a  much low er te m p e ra tu re , 
and w ith  th e  r i s e  in  te m p e ra tu re , d is so lv e d  some o f  th e  a lum ina , as 
shown in  th e  te rn a ry  a l k a l i  o x id e , a lum ina , and s i l i c a  phase diagrams* 
When c o o lin g  th ey  p r e c ip i t a t e d  o u t ex cess  alum ina to  a c e r ta in  e x te n t ,  
hu t th e  rem ainder o f  th e  m elt co u ld  n o t c r y s t a l l i s e ,  and on ly  y ie ld e d  
a  g la s s y  phase* This was p a r t ly  because o f  t h e i r  slow  r a t e  o f  
c r y s t a l l i z a t i o n  and p a r t l y  due to  t h e i r  in c re a se  in  v i s c o s i ty  as th e  
s i l i c a  c o n te n t in c re a s e d , when some alum ina has p r e c ip i t a t e d  o u t .  In  
a d d itio n  to  any o f  th e  r e g u la r  compounds i t  i s  p o s s ib le  t h a t  s o l id  
s o lu t io n  and e u te c t ic s  form ed, and a number o f  alum ina g ra in s  showed 
some s o l id  s o lu t io n ,  p ro b ab ly  form ed by d iffu s io n *  At h i t l e r  temper­
a tu r e s ,  o c ca s io n a ly  th e  g la s sy  m e lt seemed to  flow  f r e e l y ,  because o f  
i t s  low v i s c o s i ty ,  and h en ce , p roduced  con tinuous vo ids in  some o f  th e  
specim ens,
7 , IV .18 , S im ila r  re a so n s  to  th o se  g iven  b e fo re  f o r  th e  fo rm atio n  
o f  l i q u id  phase w i l l  account f o r  th e  h ig h  tra n s v e rs e  bend s tr e n g th  of 
Fig* 45i and th e  s u p e r io r  c h a r a c te r  o f  t h i s  bond* The f a i l u r e  o f  Fig* 46
and Fig* 47 to  m a in ta in  a s t r u c tu r e  s im i la r  to  F ig , 45 co u ld  account
f o r  t h e i r  s l i g h t l y  i n f e r i o r  s t r e n g th .  LThey had a b e t t e r  bond th an
Fig* 44* where th e  a re a s  between th e  g ra in s  c o n s is te d  o f  la r g e ly
s c a t te r e d  o r  con tinuous v o id s . The sharp  decrease  in  s t r e n g th  o f  F ig . 43* 
was due to  a  number o f  alm ost con tinuous v o id s  between th e  g ra in s ,
7 * I7 ,1 9 . Both th e  d i s t r ib u t io n  o f  bond and the  pack in g  o f  th e  
alum ina g ra in s  were b e t t e r  ih  F ig , $6, The com parative ly  low  s tr e n g th  
o f  F ig , 57 was due to  th e  la rg e  v o id s  betw een th e  g ra in s  o f  a lum ina, and 
in s u f f i c i e n t  bond developm ent, % e  co m parative ly  good bend s t r e n g th  o f 
F ig , 59 was due t o  b e t t e r  bond fo rm a tio n , bu t th e  s t r e n g th  in  t h i s  case  
d id  n o t roach  th e  ex p ec ted  v a lu e  due to  some ex cess iv e  v o id s  as shown, 
S t l l im a n i te  ‘'vV;
7 .1 7 .2 0 . Due to  th e  n a tu r a l  r e s is ta n c e  o f  c a lc in e d  a lu m in o -s i l ic a te s  
th e re  was no in te r a c t io n  w ith  s i l i c a  g la s s  a t  low tem p era tu res  (1000°C). 
The n o n c ry s ta l l in e  s i l i c a  d e r iv e d  from  th e  e th y l  s i l i c a t e  form ed a good 
bond a t  1400°C, m ainly by d if f u s io n  o r  r e p r e c i p i t a t io n ,  and t h i s  was 
a s s i s t e d  a ls o  by b e t t e r  d i s t r i b u t i o n .
7 .1 7 .2 1 , S im ila r ly  la ck  o f  in te r a c t io n  o r  even w e tt in g  was ev id en t 
w ith  a l k a l i  s i l i c a t e s .  The a lu m in o -s i l ic a te  grog d id  n o t have any f r e e  
alum ina to  r e a c t  w ith  th e  h ig h  s i l i c a  a l k a l i  s i l i c a t e s ,  and h ence , th e
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bond produced was much, weaker* fh e re  was v e ry  l i t t l e  w e ttin g  o f  th e  
grog  s u r fa c e s  a t  tem p era tu res  below 1400°C, At h ig h e r  tem p era tu res  a 
l im i te d  amount o f  d is s o lu t io n  o f  th e  k y a n ite  and m oloch ite  s u rfa c e s  
took  p la c e ,  b u t i t  was much le s s  than  in  th e  alum ina specim ens,
V *I?,22 , As b e fo re  th e  weakness o f  F ig , 62 i s  due to  the  absence 
o f  an e f f e c t iv e  bond, fh e  com p arativ e ly  i n f e r io r  bond s t r e n g th  o f  
F ig , 63 and F ig , 64 to  t h e i r  co rresp o n d in g  alum ina specim ens, may be 
a t t r i b u t e d  to  t h e i r  in e f f e c t iv e  r e a c t io n  and subsequent bond develop­
ment and th e  p e r s i s t e n t  v o id s  p re s e n t .
D e t a i l s  o f  th e  -p ic tu res  o f  r e f l e c te d  l i g h t . A ll m a g n if ic a tio n  -  X 200#
F ig ..
Nos. M aterial..
Mix*
No.
F i r in g
Temp.
F ir in g
Time Bond
4 0 . Alumina v : 1 . 1000°0 2 hours 2$ S i0 2(as  e th y l  s i l i c . )
41* It ■ ■ it 1400°C ti It « .. » ,.
4 2 . « ;I M . , tt A- 0 tt tt «
43 . n It tt 6 tt tt n
44 * H 3. 1000°C 2 « 1*656 S i02 and 0 . 4$ NagO
45. tt l 4oo°c
...... n n ff ff ...
4 6 . w tt 1200°0 6 If « tt tt tt
47* II tt 1400° C 0 tt tt tt h tt
43 . ....It tt ” « 6 tt tt tt tt M
49. ■- J . . tt 2 ft 1.056 tt -... ft
50. ,. tt . ft ; A'-a 0 tt tt . tt « tt
51. ,.tt. 6 tt ,.. tt tt _..t ... .......... tt tt
52. 6 . 1000°c :A 2 .. tt 1.68$" : , tt k2o
53. « 14 14OO°0 w tt «  « tt ft
54. tt H 1200°C 6 :■■ W w tt it tt
55. If tt 1400°c 0 M tt M tt tt
5 $ * . « It 6 . v . tt ■ ft tt *t ft
57. It 8 . « 2 : It 1*056- " tt tt
53. « tt 1200°0 6 tt ft It tt tt
59. ft « 1400°0 tt tt tt ft « 11
6 0 . S i l l im a n i te 9 . 1000° G 2 tt 256 S i0 2 (as e th y l  s i l i c # )
6 1 . H - « 14OO°0 tt tt tt tt
62 . «' . . 1 11. 1000° C tt If I .656 SiOgand 0 .4 $  NagO
6 3 . ; n  l! . tt 1400° o tt , ,  ft «  » tt tt
J36
D e ta ils  o f  th e  -p ic tu res  o f  r e f l e c t e d  l i ^ i t  ( con tinued)
ITos* ; M a te r ia l
Mix.
So,.,.
F i r in g  
tem p«
F ir in g
Time Bond
64 ,
65*
66 ,
67*
j S i l l im a n i te
M
I tt ' '
: tt
13.
15.
« ■
17.
1400°C
1000°C
1400°C 
■ «
2 hours
tt H 
tt tt
« «
1 .0 $  S102 and C M ^a^O  
1,6856 ” H K2°
tt ft It ft
1,056 " H *
D e ta ils  o f  th e  p ic tu r e s  o f t r a n s m itte d  l i g h t . A ll m a g n ific a tio n  -  X 600
F ig .
Nos. M a te r ia l ■
Mix.
No,
F i r in g  
Temp.
F ir in g
Tim© Bond
68 . Alumina 1 , 1000° c 2 hours 256 S i02 (as  e th y l  s i l ic .)
69 . » « 1200°C 0 tt » tt
70. M tt " tt 2 « tt M
71. tt tt tt 4 tt tt tt
72. . tt tt 1400°0 0 tt tt tt
7 3 . H « tt 4 u tt tt
74. « 3. 300° C 2 tt 1,656 S i0 2 and 0 .4 $  NagO.
7 5 . ft " it ■ 1000°C tt it « tt tt «
76 . tt tt i l2OO°0 tt « tt , it tt tt
77. tt tt 1400°C « « M tt ' tt ft
78. tt 5 . tt 0 tt 1.6S6 « » «
79. It tt ..... tt.......... 2 . it . . . . tt tt ft • tt
80 . ■ H 6 . 1200°G 0 « 1. 6856" " KgO
81, tt 7 . « 2 tt I . 3 f  ” ” ”
J37
D e ta ils  o f  th e  p ic tu r e s  o f t ra n s m itte d  l i g h t  (co n tin u ed )
F ie *
Bos. M a te r ia l
Mix#
Ho*
F ir in g
Temp.
F i r in g  
.. Time......... Bond
82. Alumina 8 . 1200°C 2 hours i .056 S i0 2 and 0 . 4 ^ 0
•
rOCO « « 1400°0 « ti » H It tt
84# S i l l im a n i te  9* 1000°C 2 w 2% S i0 2 (as e th y l  a i l i a )
85 . tt 11* 1400°0 tt « 1*6^ S i O g  and 0 #4^^ag0
86* w 15# looo0a » tt 1 .6  836 « « KgO
37# it 16. 1400° c « H 1*336 w w *
P ig . 42. P ig . 43 .
P ig .  44* F ig .  45 .
F i g . . 43 . F ig .  49.
50. F ig . 51 .
itej441 r
F ig .  . 5 2 . F ig .  53 .
Fig. 54. Fig. 55.
IF ig .  5&*
Fig. 58. Fig. 59*
F ig , 62, 63
J44  '
Elg. 66. Fig. 67

BFig, 74*
1
Fig* 75*.
jt4 7
Fig. 78. Fig. 79*
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'mm i
Fig, 86. Fig. 8?
/ Section — ?, Study of the 'X-ray diffraction -photographs
V .V .l. The r e s u l t s  o f  th e  X -ray d i f f r a c t io n  p a t te rn s  s tu d y  a re  
g iven in  Table 11 and F ig , 88 and 89*
Alumina ^
V .V .2. As a  p re lim in a ry  experim ent t e t r a e t h y l  s i l i c a t e  was f i r e d  f o r  
5 hours a t  14OO0 G, This produced very  poor c r y s ta l l in e  forms o f  alpha*, 
e r i s t o b a l i t e .  Below t h i s  te m p e ra tu re , th e  f i r e d  specimen produced
bro ad  d if fu s e  h a lo es  in  a s i l i c a t e  p a t t e r n ,  which was com parable to
•. .
th e  bands g iven  by m inute c r y s t a l s ,  o f  th e  o rd e r  o f  10 cm o r  low er 
in  s i z e .  F or use  as a s ta n d a rd , alum ina was made from ch em ica lly  pure  
aluminium c h lo r id e  f i r e d  a t  1500°C, When th e  *d* v a lu es  o f  the  
re  c r y s t a l l i s e d  alum ina used  were compared w ith  th e  A,S. T,H. s ta n d a rd  
corundum c h a r t ,  and th e  p re p a red  s ta n d a rd , th ey  were found to  be between 
b o th . A s ta n d a rd  m u ll i te  p a t te r n  was o b ta in e d  by m ixing s to ic h io m e tr ic  
amount o f  s i l i c a  ( e r i s t o b a l i t e )  and alum ina and p a r t i a l l y  fu s in g  them. 
A fte r  th i s  tre a tm e n t m u ll i te  and alum ina cou ld  be d is t in g u is h e d .
V .? ,3. With an a d d itio n  o f  2$ s i l i c a  as e th y l  s i l i c a t e  no in d ic a t io n  
o f  m u ll i te  o r  any form o f  c r y s t a l l i n e  s i l i c a  cou ld  be t ra c e d  in  th e  
p a t te r n s  o f th e  specim ens (M ix. 1 ) ,  even a f t e r  f i r i n g  a t  1500°C.
P a r t i a l  fu s io n  o f  th e  sam ple, how ever, w ith  oxyace ty lene  to rc h  produced 
ev idence o f  m u l l i t e .
V.1r.4 .  When a l k a l i  ox ide was added In  sm all q u a n t i t i e s ,  no o th e r
c r y s t a l l i n e  phase cou ld  he t r a c e d ,  even a f t e r  p a r t i a l  fu s io n .
S i l l im a n i te
Y .T .5 , In  th e  re fe re n c e  p a t te r n  o f  m u ll i te  p re p a red  from commercial 
m u l l i t e ,  no t on ly  t r a c e s  o f  corundum, h u t a lso  some o th e r  l in e s  were 
no ticed #  An a tte m p t to  p re p a re  a  re fe re n c e  hy f i r i n g  a m ix tu re  o f  
m u ll i te  com position  (w ith  s i l i c a  from te t r a e th y l  s i l i c a t e )  a t  1400°G 
f o r  5 h o u rs , p roduced m ainly  corundum, and very  l i t t l e  m u l l i t e ,  which 
confirm ed th a t  th e  rat©  o f  r e a c t io n  was slow# M olochite  and c a lc in e d  
k y a n ite  h o th  y ie ld e d  s im i la r  m u ll i te  p a t t e r n s ,  hu t w ith  s l i g h t  d i f f e r e n t  
l in e  sp a c in g s ,
V*y*6* 1/lien a l k a l i  ox ide was added, a p a r t i a l l y  c r y s ta l l in e  p h ase , 
o th e r  th an  m u llite ,w a s  n o t ic e d ,  which co u ld  he th e  h e g in n in g /o ry s ta l l ­
ig a t io n  o f  a lk a l i - a lu m in o - s i l i c a t e s , -  b u t t h i s  cou ld  n o t he Confirmed# 
T races o f  corundum a lso  were n o tic e d , 'Whether* th is  was an in c re a se  
over th e  amount a lre a d y  p re s e n t  from m oloch ite  o r  k y a n ite  raw m a te r ia l s ,  
o r due to  f u r th e r  breakdown o f  m u ll i te  by a l k a l i  io n s , co u ld  n o t he 
con firm ed , as no q u a n t i ta t iv e  a n a ly s is  was p o s s ib le .
D iscu ssio n
V .V .7. The r e s u l t s  o f  th e  X -ray exam ination  were la r g e ly  n e g a tiv e , 
which was n o t unex p ec ted . The X -ray d i f f r a c t io n  p a t te r n  o f  su b stan ce  
i s  d i r e c t l y  r e l a t e d  to  i t s  atom ic s t r u c tu r e ,  and as th e  atom ic s t r u c tu r e  
and dim ensions a re  u n iq u e , any d e f in i t e  in d ic a t io n  given by th e  p a t te rn s
co u ld /b e  tak en  as p o s i t iv e  in form ation*
; ?,V*8 * % e co n v erse , how ever, i s  no t n e c e s s a r i ly  true*  The
absence o f an ex p ec ted  p a t te r n  cou ld  he due to  th e  f a c t  t h a t  the  
m a te r ia l  has n o t formed th e  n e ce ssa ry  re g u la r  atom ic arrangem ent, i*@*, 
i t  . i s  s t i l l  a  g la ssy  phase* A l te rn a t iv e ly ,  th e  g ra in  s iz e  o f  the  p ro d u c t 
m i^at be too sm all to  g ive  a  p a t t e r n ,  o r  a g a in , the  p h y s ic a l  amount o f  
th e  p ro d u c t m ight be too  sm all to  be d e tec ted*  Jo h n ( l28) has s t a t e d  
t h a t  the  o rd e r in g  o f  th e  c r y s ta l  p a t te r n  o f  m u ll i te  formed from 
a lu m in o -s i l ic a te s  depends e n t i r e ly  on th e  o rd e r in g  o f  th e  o r ig in a l  
m a te r ia ls ,  and in  th e  extrem e Cases o f  com pletely  d iso rd e re d  m a te r ia ls  
no m u ll i te  l i n e s  would appear in  th e  d i f f r a c t io n  p a tte rn *  The a c tu a l 
s iz e  o f  the  m u ll i te  c r y s t a l s ,  acco rd in g  to  S h o r te r (117) i s  dependent 
on th e  f i r i n g  tem p era tu re  and a lso  on th e  amount o f  g la s sy  phase o r  
l iq u id *  I t  has f u r th e r  been s ta t e d  by k r a n e r ( l l 8) ,  t h a t  s i l ic e o u s  
compounds o f  alum ina and s i l i c a  below 0*3 m icron d id  no t g ive any 
c r y s t a l l i n e  p a t te r n  due to  t h e i r  v e ry  f in e  c r y s ta l l in e  o r  p s e u d o c ry s ta l l in e  
form . D e tec tio n  o f  a  phase o f  2$ o f  the  m a te r ia l  i s  n o t uncoramon(75)*
In  th i s  work th e  maximum s i l i c a  c o n te n t was 2^, which would give a  
t h e o r e t i c a l  maximum amount o f  m u ll i te  o f  about 7$# end th i s  sh o u ld  be 
d e te c ta b le  i f  com pletely  form ed, and o f  s u f f i c i e n t ly  la rg e  g ra in  s i z e .
As i t  was n o t d e te c te d ,  one o f  th e  re a so n s  o u t l in e d  above may be invoked, 
¥#Y*9* From th e  s tu d y  o f  th e  a l k a l i  alum ina s i l i c a  e q u ilib riu m  . 
d iag ram s, i t  may be expected  th a t  m u ll i te  i s  decomposed by th e  a lk a l i
s i l i c a  m elt* The s i l i c a  would n o t he observed  even i f  i t  were p r e s e n t ,  
due to  th e  e f f e c t  o f  l a  o r  K io n  on th e  e r i s t o b a l i t e  l in e s  ( 96)*
Any in c re a se  in  th e  amount o f  alum ina co u ld  n o t be d e te c te d  in  th e  
s i l i im a n i t e  specim ens, as q u a n t i ta t iv e  e s tim a tio n  co u ld  n o t be made *
Alumina
from
A .S .f.M .
Alumina 
from- ■ 
C hloride
Alumina j 
( r e c r y s t ­
a l l i z e d )
S i l i c a
from
A *S *f.l.
S i l i c a  
( e r i s to — 
h a l i t e )  
f i r e d  a t  
1400°C
E th y l' j- 
s i l i c a t e  
f i r e d  a t  
700°C
E th . s i l .  
f i r e d  a t  
1400°C 
-  5 h r s .
2*09
2 .55
1.60
2*10
2*58
1,60
2.09
2.57
1.60
4 .1 5
2*53
1*64
4 .1 5
2*53
1 .63
lo  l in e s  
a t  a l l ,  
excep t
4 .1 5
2.53
I .64
1 .09
1 .266 '
1 .09
1.27
a  h a lo
1 .37
1.40
1.37
1.402
1.37  
*1.402
1 .38
I .46
1 .37
1.47
1.74 1.74 1.74
1.99  :■
2 .07
2.17
1.70
1.97
2.05
2.15
2 .3 3 "  . 2.40
3 .4 8 1 ~ ~ 3.50 3.49
2.92 2 .93
3.30
2 .89
3.20
lo t® ; A ccording to  H avias and J>av©y(l87) f 4 f. •- V alues o f  1 .9 8 , 1*80,
1*56 and 1*42 a re  th e  m o s t c h a r a c t e r i s t i c  f o r  * s illim a n ite *
l ■
m in e ra ls ,  and d is t in g u is h e d  them from m u llite*
Tahle 11* I n te rp la n e r  spacing© f o r  d i f f e r e n t  m a te r ia ls  from th e  
X -ray d i f f r a c t i o n  p a tte rn s*
M u l l i t e . ■ 
from 
I A.S.T.31.
■ M u lli te  
(commer­
c i a l )
- " ■ /■ /-
£' ^
Alum, and 
S i l i e .  
( m u l l i te ^  
f i r e d  a t
1400 c
-  9 b r s .
Alum, and 
S i l i c .
'i (m u l l i te )  
fu se d
Alum, and
m ,  s n .
f i r e d  a t  
1500°C
Alum, and 
E th , SH .. 
(Mix. 1) 
fu sa d
. .. .. ; ..
3*44 3.44 2 .09  , 2.11 2,09 2 .0 9
2•20 - 2 .2 1 2.57 2.57 2.56 2.55
1.64 ■ 1 .53  ■ ; 1 .60 1.60 1 .60 1.60
1.26
1 .23
1.336
■ 1 .25  : 
1 .36 1,38 . ' 1 .37
1.406
1 .463
1.40 1 .40
1.46
1.600
1.692
1^61 1 .5 3 1 .53
■ ; ' 5 - 1 .52
1.74 ' 1 .72 1.74 . 1 .74
2,118 2J .1
2.21
2.545
2.683
2^29
2^59
2.38 2.38 2.38 2.38
2 .5 3
2.885 2.71
2.90
...
3.46
4 .3 0
M 5 3.48 3j 1 5
5*341 , 5 .35 ■ 5.35 ‘ ....■ J '
T able 11* (co n tin u ed )
: \  ' i  ' . . '■
Alum, and
s©&, s i l ,  ::
(Mix, 3) ■ 
f i r e d  a t
1000°0 m
Alum, and 
Sod. S i l .  
(Mix. 3) 
f i r e d  a t  
1200° C
Aim * and 
Sod, S i l . '  ; 
(Mix. 3) 
v f i r e d  a t  . , . 
1400° C ;
Alum, and 
Sod, S il*  
(Mix. 3)
fu se d
2.09  h . 2.09 2 .09 2,09
: 2,57 !i: . .2 .56 2 .55  • : 2 , 5 5
1,60  ; 1 .60 1.60 1,60
1 ,38  J ■ 1.38 1.37 1.37
1*40 - 1.40 1.40 1.40
: . . 1*74 i  ' 1 .74 1.74 1.74
2.41  i ’ -  ; / A ' 2 .39 •< 2 • 38 :
3 .50  5 3.48 3.50 3.49
'Table I I#  (co n tin u ed )
& 7 y
M olochite 
r e f i r e d  
a t  1400°C
C alcined  
K yanite  
r e f i r e d  
a t  14Q0 C
Cal.Kya.
& 1 th .  S i l .  
f i r e d  a t
14uo°0
S il l im a . 
(Mix# 9) 
f i r e d  a t  
1400°C •  ■/.
4 h r s .
S i l l im a . 
(M ir. 11) 
f i r e d  a t  
1000°C
S il l im a . 
(Mix. 11) 
f i r e d  a t  
1400°C
3*45 3*44 3.45 3*44 3*44 3 .45
( - 2 ,2 2  ■■: :: ■ ■ ’2222 3 .22  ■ 2.22 2.21 ; 2 .22  1 : v -
1*53 1*53 1 .53 1*54 1*53 1*53
1*10 1 .11 1.11 1 .11 1.11 1.11
1 .19 1 .1 9  v::,; 1.19 , 1 .19 1 .19 1.19
1.27 1.27 1.27 1.27 , 1 .26 1.26
1.34 1.34 ; x*34 1.34 1.34
1*36
1.41
1.37 1*37
1*41
1.37
I . 4I
1*37
1*46 1.46 1.46 1.46 I .46 1*46
1.61 1 .60 1 .60 1.60 1.60 1.61
1.70 1.70 1*70 1*71 1.70
1jJ3
1.71
: ^ L 3 2 s l3 2 .13  ■ 2 .1 1 2*11 2 0 1
2.40 2 .3 4  ■
h : - . 2*5? . ^ V S is , 2*57 2*17 2*19 2jl59 _
2*60 2 .6 9 2*69 2.71 2.71 2.72
• 2.91 2.90 ;  ; ;  2.91 2.90 2 .92
3*50
4*30 4 .3 0 4 .30 4*30 4 .3 0 4*30
5*50 5*50 5*40 5*40 5*50 5*50
Table 11# (co n tin u ed )
D e ta i l s  o f  th e  m a te r i a l s  o f  th e  d i f f r a c t i o n  p a t t e r n s .
F ig .  88 .
( a )  A lumina w ith  I * 6$ SiO^ and 0*4$ ^ 2® aB<^  p a r t i a l l y  fu s e d .
(h )  Alumina w ith  1*6$ SiO^ and 0*4$ Ha^O and f i r e d  a t  1400 C f o r  2 h r s .
( c )  A lum ina w ith  1*6$ SiO^ and 0*4$ Ba^O and f i r e d  a t  1200 C f o r  2 h r s .
(d ) Alumina w ith  1*6$ SiOg and 0*4$ Ha^O and f i r e d  a t  1000 C f o r  2 h r s .
( e )  A lu m in a - s i l i c a t e * -  ’m u ll i te *  from  com m ercial m a t e r i a l s .
( f )  A lum ina w ith  2$ S i0 2 ( f’rom s i l i c a t e )  and f i r e d  a t  150G C.
(g )  A lum ina ( r e c r y s t a l l i z e d ) ,  -  th e  m a te r ia l  u sed  i n  th e  p r e s e n t  w ork.
F ig .  8 9 .
( a )  C a lc in e d  k y a n i t e ,  -  r e f i r e d  a t  1400 C.
(h )  M o lo c h ite , -  r e f i r e d  a t  1400 C.
( c )  C a lc in e d  k y a n i te  w ith  e th y l  s i l i c a t e  f i r e d  1400 C f o r  2 h r s .
(d )  A lu m in o - s i l ie a ^ e , -  ’m u ll i te *  from  com m ercial m a t e r i a l s .
( e )  S i l l im a n i t e  w ith  2*0$ SiOg (M ix. 9 * )  f i r e d  a t  1400 C f o r  2 h r s .
( f )  S i l l im a n i t e  w ith  1*6$ S i0 o and 0*4$ ®ao0 (M ix. 1 1 .)  f i r e d  a t
C. C.
1000 C f o r  2 h r s .
(g )  S i l l im a n i t e  w ith  1*6$ SiOg and 0*4$ Efa^O (M ix. 1 1 .)  f i r e d  a t

89 . P o w d e r  d /P r a c d o n  S o d e r n s  o /  s p e c /p v e /P s .
fo r c/e/at/s, f /e o s e  seef?r?ye./5Q
;j. Section .'VI#;’ Estimation of glassy phase by chemical dissolution
V .V I .l ,  Table 12 shows th e  summary o f  th e  f lu o ro b o r ic  a c id  
e x tr a c t io n  o f  th e  g la ssy  p h ase , A g e n e ra l s tu d y  o f  th e  amount o f  g la s s  
d is so lv e d  showed th a t  a t  s u c c e ss iv e ly  h ig h e r  f i r i n g  tem peratu res*  th e  
q u a n tity  p ro g re s s iv e ly  decreased* and a lso  th e  t o t a l  g la ssy  phase 
d ecreased  w ith  d e c rea s in g  amount o f  bond s i l i c a t e s ,
V ,V I,2 , When a bond had form ed i t  p roduced a lu m in o -s i l ic a te  phase* 
b u t when th e  tem p era tu res  o f  f i r i n g  were In c re a se d  th e  amount o f  m a te r ia l  
tak en  in to  s o lu t io n  d ec rea sed , which may be a s s o c ia te d  w ith  th e  form ­
a tio n  o f  m u ll i te  o r  d e v i t r i f i c a t i o n  o f  th e  g la s s  — e i t h e r  o f  which would 
be c r y s ta l l in e *  and would thus no t be a f f e c te d  by th e  f lu o ro b o r ic  a c id , 
V,VI*3# ^he amount o f  th e  g la s s  d is so lv e d  a t  h i t e m p e r a t u r e  was 
le s s  w ith  e th y l  s i l i c a t e  th a n  w ith e e i th e r  sodium o r  po tassium  s i l i c a t e ,  
? ,V I ,4 , The a lk a l i  s i l i c a t e s  formed g la s s  by d is s o lv in g  alum ina 
and s i l i c a  which su b seq u en tly  c r y s t a l l i z e d  as a lk a l i  a lu m in o -e il ic a te s  
on c o o lin g . The c r y s t a l l i z a t i o n  was, o f  course* governed by t h e i r  
r e s p e c tiv e  v i s c o s i t i e s .  The a d d itio n  o f po tassium  o x id e , in  th e  form 
o f  po tassium  s i l i c a t e ,  produced l e s s  g la ssy  phase th an  th e  co rre sp o n d in g  
amount o f  sodium s i l i c a t e  a d d i t io n . This was t ru e  n o t o n ly  f o r  th e  
amount b u t a lso  fo r  th e  tem p era tu res  o f  f i r in g *  in  agreem ent w ith  th e  
r e s u l t s  o f  E a lm (ll$ ) and Bowen and S c h a i r e r ( l l 9 ) ,
V ,V I,5 . I t  was in te r e s t in g  to  n o te  t h a t  u n f ir e d  specim ens o f  Mix, 3
262
produced g la s s  alm ost eq u al to  th e  a d d it io n  (2 .3 f° as a r a in s t ,  2 .0  -  th e  
d if fe re n c e  was p robab ly  due t o  th e  o th e r  ox id es  p re s e n t  as Im p u r i t ie s ) » 
h u t Mix* 6 gave much h i t l e r  r e s u l t s  f o r  th e  f i r e d  specim ens, even when 
rep eated *  f h i s  cou ld  no t he accoun ted  f o r .
^  "  ,v
• '• ' ;• . • •) -
I
I
■> . ?
M a te ria l Composition Mix*
Ho*.
F ir in g  
temp*, 
in  °C
Amount 
d is so lv e d  
in  gxns.
Average P er*C ent•
Alumina 2fo SiOg I 1000 0*4532
0.4535 ■ 0.4534 4 .5
1200 0 .3501
0*3904 0.3903 3 .9
1400 0.2636
0*2639 0.2638 2.6
1 M  SiO A 3 u n f i r e d  0*2307
0 .4 $  0
0*2309 0.2308 2 .3
looo 0.6163
0*6163 0.615 3 ' 6*1
1200 O.5852
O .5855" O.5854 5*8
1400 0.4800
0*4798 0.4799 4 .8
1 .3 $  SiOp & 4 1000 0.3997
0*4$ la g  0
c .3995 0.3996 4 .0
1200 0.3532
0.3635 0.3634 3.6
1400 0.3289
0.3285 O.3287 3*2
1 .0 $  SiOp & 5 / looo 0.3725
-.0 .4# l a 2 0 0.3724 0.3725 3 .7
1200 0.3528
0 .3532 0.3530 3.5
1400 0.3130
0 .3132 0.3131 3 .1
Tahle 12. Approximate amount o f  g la s sy  phase in  d i f f e r e n t  specim ens*
M a te ria l Composition Mix*
$0 .
F ir in g
temp •
.  t) an  C
Amount 
d is so lv e d  
in  gms.
Average P e r .  C ent.
1 .6 8 $  S10- & 6 u n f i r e  ( 0.4303
0.4% KgO 0.4305 . 0.4304 4 .3
1000 0.4236
- ' 0*4238 0.4237 4 .2
1200 0*3468
O.3469 0.3569 3*5
1400 0.2983
0*2989 0.2986 3.0
'1*356 SiO & 7 1000 0*3250
Q.4% K20 0*3249 0.3250 3 .2
1200 0.2833
0.2829 0.2831 2 .8
1400 O.26I 5
0.2611 0.2613 2.6
.1 . 056' SiO- & 8 1000 0.3128
0.456 % 2 0 0.3131 0.3130 3 .1
1200 0.2812
0.2813 0.2812 2 .8
1400 0.2630
0*2629 0.2630 2.6
TaKLe 12* (co n tin u ed )
C hapter -  V I.
■ ■ ■ G eneral D iscussion  and Opnoluslon ■
G eneral d ie  cuss io n s ; '
¥1*1,1* The c a s t in g  tech n iq u e  u sed  in  th i s  in v e s t ig a t io n ,  produces 
t e s t  p ie c e s ,  w ith  th e  fo llo w in g  p r o p e r t i e s ,  some o f  which may n o t he 
n o tic e d  in  p ro d u c ts  m anufactured  by o th e r  methods -  (a )  low er green 
d e n s i ty ,  (b ) th e  o r ig in a l  s u r fa c e  c r y s t a l  l a t t i c e  d e fe c ts  o f  th e  
p a r t i c l e s  were r e ta in e d ,  (c )  a l l  th e  p a r t i c l e s  had t h e i r  o r ig in a l  
sh ap e , (d) th e  o r ig in a l  body c r y s ta l  l a t t i c e  d e fe c ts  (p o in t d e fe c ts )  
were r e ta in e d ,  (©) th e  c o n ta c ts  between p a r t i c l e s  were o f  p o in t  form , 
and ( f )  th e  shape o f  th e  v o id s  between p a r t i c l e s  depended on th e  shape 
o f  th e  powder p a r t i c l e s .  As a  consequence o f  th e s e ,  th e  r e s u l t s  o f  
th i s  work were n o t s t r i c t l y  com parable w ith  any p rev io u s  work, where 
specim ens were compacted under p re s su re s  and f i r e d ,  o r  h o t compacted 
and s in te r e d ,  ,
V I , I , 2 . The p re s e n t  s tu d y  was i n i t i a t e d  to  o b ta in  a  b e t t e r  
u n d e rs tan d in g  o f ; th e  b eh av io u r o f  bond in  e a s t  r e f r a c t o r i e s ,  w ith  a  
view  to  th e  p o s s ib le  rep lacem ent o f  e th y l  s i l i c a t e  bond by th e  ch eap e r 
a lk a l i  s i l i c a t e s ,
¥ 1 ,1 ,3 ,  The fo rm atio n  o f  a  bond in  th e  c a s t  r e f r a c to r i e s  may 
p ro ceed  in  two d i s t i n c t  s e r i e s  o f  s tag e s*  The f i r s t , w i l l  be re p re se n te d  
by th e  case  when th e  b in d e r  m a te r ia l  i s  s o l id  a t  th e  f i r i n g  tem p era tu re
e /  g h i k
A/ew com pound  
fo rm e * //n  Me,
/rfas&e-Aza/
t
F ig. QQ. Hyp ofheh'ca/ s/re/c/es of //?& /?racers o/
Sond /ormc?/7o/?.
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and the  second when a l i q u id  i s  p re sen t*  The i n i t i a l  s ta g e  a f t e r  
c a s t in g | and a t  r e l a t i v e l y  low tem p era tu res  may be sk e tch ed  as in  
Fig* 90a* The s o l i d  grog  m a te r ia l  and th e  s o l id  h in d e r  a re  th e  on ly  
two d i s t i n c t  phases# With th e  r i s e  in  tem p era tu re  d if fu s io n  w i l l  
s t a r t ,  th e  r a t e  o f  which w i l l  depend on th e  m utual s o l id  s o l u b i l i t i e s  
o f  th e  r e a c t io n  and th e  tim e and tem p era tu re  o f  f i r i n g .  T his s ta g e  
w i l l  he e n t i r e ly  s o l i d  to  s o l i d  d if fu s io n  c o n tr o l le d ,  and hence slow .
At f i r s t ,  as shown in  Fig* 90b, a  th in  f i lm  w i l l  form a t  th e  in te r f a c e ,  
h u t w ith  th e  in c re a s e  in  tim e and tem p era tu re  o f  f i r i n g ,  th i s  f i lm  w i l l  
w iden , and th e  h in d e r  phase w i l l  have a  c o n c e n tra tio n  g ra d ie n t ,  which 
w i l l  te n d  to  homogenise as c o n d itio n s  te n d  to  e q u ilib riu m  (F ig , 90o)» 
and th u s  th e  com position  o f  th e  bond w i l l  change. I f  th e  f i r i n g  
tem p era tu re  a t  t h i s  s ta g e  i s  low er th an  th e  l iq u id u s  tem p era tu re  o f  
th e  new b in d e r  co m p o sitio n , th e  bonding m a te r ia l  w i l l  ten d  to  form th e  
new s o l id  compound, s ta b le  a t  th e  te m p e ra tu re , as in d ic a te d  from th e  
e q u ilib r iu m  diagram  o f  th e  system  (Fig* 9 0d), T his type  o f  sequence 
w i l l  be ex p ec ted  in  th e  e th y l  s i l i c a t e  bonded m a te r ia ls ,  when th e  
re f ra c to x y  ox id es  o r s i l i c a t e s  in  c o n ta c t  w ith  i t ,  a re  p u re . In  th e  
p resen ce  o f  im p u r i t ie s ,  how ever, th e  system  may be in f lu e n c e d  by th e  
re s p e c t iv e  phase d ia g ra m s ,, ■ ./.v--
V I. 1*4, A l te r n a t iv e ly ,  th e  b in d e r  may form a  l iq u id  phase below  
th e  f i n a l  f i r i n g  te m p e ra tu re . The d i f f e r e n t  s ta g e s  in  t h i s  type o f  
bond developm ent have been shown in  F ig s , 90e -  90k* F ig , 90e re p re s e n ts
th e  oas® when b o th  th e  r e f r a c to r y  p a r t i c l e s  and th e  "binder phase a re  
i n  th e  s o l id  s t a t e .  With th e  r i s e  in  te m p e ra tu re , "before th e  "binder 
m e lts , d i f f e r e n t  s ta g e s ,  s im i la r  to  F ig s . 90a -  90d , may develop* i f  
s u f f i c i e n t  tim e i s  a llow ed f o r  th e  d if f u s io n  to  p ro ceed . O therw ise , 
th e  s ta g e s  o f  F ig . 90f w i l l  "be re a ch e d , w here, l iq u id  "binder i s  in  
c o n ta c t w ith  th e  s o l id  r e f r a c to r y  g ra in s ,  p robab ly  w ith  a  v e ry  th in  
f i lm  o f  in te r f a c e  (n o t shown in  th e  s k e tc h e s ) .  With th e  r i s e  in  
tem p era tu re  a  s o l id - l i q u id  d if f u s io n  w i l l  s t a r t  as shown in  F ig , $0gm 
T his d if f u s io n  w i l l  be much f a s t e r  th an  th e  s o l id  to  s o l id  d if fu s io n  
quoted  in  th e  f i r s t  c a s e , and th e  o v e r a l l  p ic tu re  w i l l  be e n t i r e ly  
due to  t h i s  s o l i d  l iq u id  d i f f u s io n  o r  in te r a c t io n ,  A f u r t h e r  in c re a s e  
in  te m p e ra tu re , w i l l  p robab ly  ten d  to  homogenise th e  l i q u i d ,  which has 
changed th e  com position  s im u ltan eo u sly  (F ig .9 0 h )» A th in  a re a  o f  
c o n c e n tra tio n  g ra d ie n t may s t i l l  p e r s i s t  n e a r  th e  s o l i d  f a c e ,  which 
may need p ro lo n g ed  f i r i n g  to  remove. At th i s  s ta g e  new compounds may 
form by two m echanisms, I f  th e  f i r i n g  tem p era tu re  i s  below th e  l iq u id u s  
( a l b i t e  -  m .p , 1118°C and p o ta sh  f e ld s p a r  - m p ,  1180°C) tem p era tu re  o f
th e  new bond co m p o sitio n , a  new s ta b le  compound, in  con fo rm ity  w ith
th e  e q u ilib r iu m  di agram w i l l  s t a r t  to  p r e c ip i t a t e  o u t , On th e  o th e r  
hand i f  th e  tem p era tu re  i s  above th e  l iq u id u s  tem p era tu re  o f  t h i s  
compound, th e  b in d e r  w i l l  form a  l i q u id .  On c o o lin g  th i s  w i l l  form r
new phases as th e  tem p era tu re  drops below th e  l iq u id u s  p o in t .  The
expec ted  phases w i l l  be compounds o r  e u te c t ic s  in  a  p rim ary  s o l id
s o lu t io n  o f  tlie  oxide b in d e r  m a te r ia ls*  In  ox ides o r  s i l i c a t e s  th e  
prim ary  phase may be aha^gous to  g la ss#  These changes ta k in g  p la c e  
e i t h e r  d u rin g  so ak in g  o r  co o lin g  have been shown in , Pig# $Qi* Pig*
90k  re p re s e n ts  e f f e c t  o f  lo n g e r p e r io d  o f  h ea tin g #  s im i la r  to  t h a t  f 
o f  Pig* 90d# i# e * f when th e  system  tends tow ards th e  e q u ilib r iu m  1 
co n d itio n # -
YI#I*5* With a  f i r i n g  tem p era tu re  o f  I 400° c  (a s  u s e d )* e i t h e r  o f  
th e  two case s  o f  l iq u id  phase bond fo rm atio n  may occur* I t  may be , 
n o te d  th a t  th e  m e!tin g  p o in ts  o f  anhydrous a lk a l i  s i l i c a t e s  l i e  betw een 
800^0 andll0D°C#: a lth o u g h  a  c o n s id e ra b le  low ering  o f  th e  tem p era tu re  
may be e f f e c te d  by th e  p resen ce  o f  w a te r  o f  c r y s ta l l i z a t io n #  fhe  
lo w est m e ltin g  te rn a ry  e u te c t ic s  o f  a lk a l i  a lu m in o -s i l ic a te s  l i e  
between 6Q0°C 800°C# w hereass th@ low tem peratu re  compounds a lb i t e  ,
and p o ta sh  f e ld s p a r  show m e ltin g  p o in ts  o f  1118®0 and 1180oC. r e s p e c tiv e  
© ly, th e  f i r s t  b e in g  congruen t and th e  o th e r  ineongruen t*  ; Although 
th e  compounds nephelin©  and l a t e r  c a rn e g e ie te  o r  l e u c i t e  have h ig h  
m e ltin g  p o in t s ,  th e  fo rm atio n  o f  th e  low tem pera tu re  compounds ( e s p e c ia l ly  
i n  p resen ce  o f  h ig h e r  s i l i c a  and f in e  alum ina) r a t h e r  th a n  th e  h ig h  
tem p era tu re  ones# may be p o ss ib le #  fh e  a c tu a l com position  o f  th e  l iq u id  
form ed a t  any stag®  ©ay be v e ry  d i f f i c u l t  to  determ ine# s in c e  most o f  
them w i l l  s o l i d i f y  as g la s s  a t  room tem p eratu re  and th e  p o s s i b i l i t y  o f  
a  lo c a l  c o n c e n tra tio n  o f  a  p a r t i c u l a r  compound o r  oxide# ?«rhich may 
behave as a  much h ig h e r  com position  r a t io #  may in f lu e n c e  th e  p h y s ic a l
t e s t  o b se rv a tio n  co n siderab ly#
71*1*6# In  p r a c t ic e  an id e a l  change as v is u a l iz e d  above may n o t 
tak e  p la c e ,  and th e re  i s  a  f u r th e r  chance o f  form ing a  more complex 
p i c tu r e ,  as shown in  Fig# 901 • Here i he space betw een th e  s o l id  p a r ­
t i c l e s ,  ex p ec ted  to  be f i l l e d  by th e  bona o n ly , w i l l  c o n ta in  po res  
and i r r e g u la r  c o n c e n tra tio n  g ra d ie n ts  o r  d if f u s io n  zones a t  p la c e s ,  
in  a d d it io n  to  th e  newly form ed compound, in  g la ssy  m a tr ix  o f  ox ides 
and s i l i c a t e s #  Also d i f f e r e n t  grog g ra in s  may have p a r t i a l l y  s in te r e d  
in  p la c e s  as w ell*  Of c o u rse , th e  s t r e n g th  o f  the  r e f r a c to r y  sam ples 
w i l l  be governed by th e  s t r e n g th  o f  th e  bond, on ly  when th e  bond i s  
weaker th an  th e  r e f r a c to r y  g ra in s  a t  th e  t e s t i n g  co n d itio n s*
71*1*7* The s t r e n g th  o f  th e  m a te r ia l  as p o r tra y e d  in  th e  l a s t  
p ic tu r e  (Fig* 901) w i l l  depend on th e  s t r e n g th  and amount o f  th e  bond, 
th e  p ro p e r t ie s  o f  th e  I n te r f a c e  between th e  bond and g ro g , th e  degree 
o f  s in t e r in g  o f  th e  grog  and th e  p o ro s ity *  The s t r e n g th  o f  th e  bond 
I s  th e  ma^or f a c to r  and t h i s  w i l l  in  tu rn  depend on I t s  co m p o sitio n , 
v i s c o s i ty ,  and p h y s ic a l s t r u c tu r e  ( i# e * t g la s s y , c r y s t a l l i n e  o r h av in g  
a d is p e rse d  phase in  th e  compound)# The term  ♦bond* in  th e  p re s e n t 
work In d ic a te s  th e  e n t i r e  phase formed due to  th e  in te r a c t io n  o f  th e  
grog  and th e  b in d e r  m a te r ia ls  a t  h ig h  tem perature*?, th e  n a tu re  o f  which 
©ay be g la ssy  o r  c r y s t a l l i n e .  At h ig h e r  te m p e ra tu re s , th e  bond i s  
ex pec ted  to  be weaker than th e  g rog , and so a  re d u c tio n  in  th e  amount 
o f  bond sh o u ld  improve th e  h ig h  tem p era tu re  s tre n g th *  A lthough th e
room tem p era tu re  s t r e n g th  i n i t i a l l y  in c re a se s  w ith  th e  in c re a s e  in  th e  
bond c o n te n t ,  i t  d ec reases  a f t e r  an optimum volume i s  p re s e n t  as shown 
hy l i s h im a ts u  and G u rlan d (l8 8 ), who n o tic e d  a drop in  room tem p era tu re  
tra n s v e rs e  ru p tu re  s t r e n g th  in  'WO ■— Co a l lo y s  a f t e r  an optimum Co 
con ten t*  With excess  hond th e  p a r t i c l e s  a re  a l l  i s o la te d  in  th e  hond 
and any c rack  may p ro p ag a te  f r e e ly  th rough  i t ,  and in  t h i s  case  th e  
s t r e n g th  o f  th e  m a te r ia l  w i l l  depend e n t i r e ly  on th e  s t r e n g th  o f  th e  
pure  hond*
TI,1*8* In  th e  p re s e n t  work two im p o rtan t f e a tu r e s  may he 
expected* f i r s t  th e  grogs were s t ro n g e r  th an  th e  hond, and second 
the  t o t a l  hond q u a n ti ty  n ev e r exceeded th e  above optimum volume and 
so f a i l e d  to  f i l l  th e  in te rs p a c e s  between th e  grog  p a r t ic le s *
VI*I*9* fh e  com position  o f  th e  bond w i l l  be governed by th e  
e q u ilib r iu m  phase diagram  o f  th e  system  o f  th e  r e f r a c to r y  p a r t i c l e s  and 
th e  components o f  th e  b in d e r  added, h u t w ith  com m ercially  pure  m a te r ia ls  
th e  p o s s i b i l i t y  o f  r e a c t io n  tem p era tu res  low er th an  th o se  in d ic a te d  
by th e  e q u ilib r iu m  d iagram s, due to  th e  p resen ce  o f  m inute im p u r it ie s  
must n o t he overlooked* Ik e  a d d itio n  o f  sm all q u a n t i t ie s  o f  a lk a l i  
ions in c re a s e s  th e  m is c ib i l i ty  o f  oxides* The p ro d u c tio n  o f  u n s a tu ra te d  
0 o io n s  by th e  a l k a l i  io n s  has been m entioned as th e  rea so n  f o r  th i s  
by G re ig (l8 9 ) and Warren and P in cu s(l9 0 )*  A nother im p o rtan t fe a tu re  
when fo llo w in g  th e  e q u ilib r iu m  diagram s i s  th e  p o s s i b i l i t y  o f  lo c a l  
c o n c e n tra tio n  o f a  p a r t i c u l a r  compound o r  ox ide which may behave as
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d i f f e r e n t ' com position  o r  g ive :re a c t io n s  which 'are c h a r a c te r i s t i c  o f  
an e n t i r e ly  d i f f e r e n t  p a r t  o f  th e  e q u ilib r iu m  diagram* and hence* 
may produce lo c a l ly  a sm all p o o l o f  a l i q u id .  Should a l i q u id  he f 
form ed in  t h i s  manner* the  rea® tio »  o f  th e  com plete system  w i l l  p ro ceed  
a t  a  much f a s t e r  ra te *  w hile  t h i s  i s  p r e s e n t .  A fte r  any i n i t i a l  
r e a c t io n  th e  hond w i l l  form  e i t h e r  by d if fu s io n  (when on ly  s o l i d  phases 
a re  p re sen t*  o r  "by d is s o lu t io n  (when a t  l e a s t  one l iq u id  phase i s  
p r e s e n t ) .  In  th e  second ease  th e  s m a lle s t  g ra in s  which have th e  h ig h e s t  
ia td rfaed cb l energy  d is so lv e  f i r s t *  "and th e  l a r g e r  g ra in s  a re  a f f e c te d  
more slow ly.""
? I .I .1 0 * "  A; s tu d y  o f  th e  r e s u l t s  o f  d i l a t io n  experim ents in  C hapter -  
T, S e c tio n  -  X* shows th e se  p ro p e r ly , fh e  e th y l  s i l i c a t e  bonded 
alum ina t e s t  p ie c e s  showed a sm a ll c o n tra c t io n  above 660° C (F ig . 1 1 ) ,
In  a  pure  alum ina s i l i c a  system  th i s  would n o t be ex p ec ted , as e th y l  
s i l i c a t e  a t  t h a t  te m p e ra tu re  would produce only  amorphous s i l i c a *  and : 
alum ina w i l l  n o t r e a c t  w ith  i t  ex cep t by s o l id  s t a t e  r e a c t io n  w hich a t  
t h i s  tem p era tu re  would be very  slow . However* th e  commercial grad© o f  
r e c r y s t a l l i a e d  alum ina was n o t a l l  pu re  (C hap ter — XT, S e c tio n  « I)*  
and th e  im p u r it ie s  p re s e n t  combined w ith  th e  s i l i c a  and caused  th e  
s o f te n in g . As expec ted  th i s  was com pletely  ab sen t in  th e  f i r e d  specim ens 
(F ig , 1 2 ) . In  th e  l a t t e r  th e  change p o in t  a t  980°0 was s t i l l  n o t ic e d ,  
^ h is  was p ro b ab ly  due to  th e  com pletion  o f  m u ll i te  fo rm a tio n . In  th e
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a lk a l i  s i l i c a t e s  th e  c o n tra c t io n  due to  th e  fo rm atio n  o f  a  s o f t  phase 
a t  about 700°C was more prom inent (l*igs* 11 and 1 3 ) ,
¥Xt X ,ll*  Both u n f i r e d  and f i r e d  t e s t  p ie c e s  in d ic a te d  a  change 
a t  about 1G0Q°G ( f i g s ,  11 and 14)» f o r  th e  e th ^ l  s i l i c a t e  “bonded 
t e s t  p ie c e s * i t  in d ic a te d  th e  fo rm atio n  o f  an a lu m in o -s i l ic a te  compound* 
w h ereas | f o r  th e  a lk a l i  s i l i c a t e  o n es* t h i s  in d ic a te d  th e  fo rm atio n  o f  
a l k a l i  a lu m ih o -s il io a ie s*  The' liq u id *  form ed in  th e  u n f i r e d  a lk a l i  
s i l i c a t e  t e s t  p ie c e s  d u rin g  th e  t e s t  above iOGG°C* as ex p ec ted  from 
the  te rn a ry  phase diagram s (F ig s , 2 and 3) * was n o t s trong*  and th e se  
t e s t  p ie ce s  showed i n f e r i o r  s o f te n in g  p o in ts  to  th a t  o f  th e  e thy l 
s i l i c a t e  bonded ones ( f i g s ,  11 and 13) * Also i t  may be n o tic e d  th a t  
th e  s o f te n in g  tem p era tu res  d ecreased  w ith  in c re a se d  amount o f  a l k a l i  
s i l i c a t e  bonds * due to  g r e a te r  volume o f  l i q u id ,  Mien f ir e d *  specim ens 
w ith  equal amounts o f  b in d e r  added* e i t h e r  as e th y l  s i l i c a t e  o r  as 
a l k a l i  s i l i c a t e s  * showed s im ila r  S o f ten in g  tem p era tu res  * b u t th e  a l k a l i  
s i l i c a t e  bonded t e s t  p ie c e s  w ith  le s s  volume o f  bond showed s l i g h t l y  
h ig h e r  so f to n in g  tem p era tu res  ( f i g s , 12 and 14) * The in d ic a t io n s  a re  
t h a t  th e  a lk a l i  s i l i c a t e  bonded t e s t  p ie c e s  when p re f ir e d *  w i l l  n o t be 
i n f e r i o r  to  th e  e th y l  s i l i c a t e  bonded ones* by f a i l u r e  due to  th e  
fo rm atio n  of a s o f t  p h ase ,
¥ 1 ,1 .1 2 , A lk a li a lu m in o -s i l ic a te s  have g re a te r  s p e c i f ic  volume 
th an  th e  a lu m in o - s i l ic a te s ( I 9I)*  and th e re fo re  s h a l l  show h ig h e r
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ex p an sio n , i f  formed# This was in d ic a te d  by Clews and 6reen('1^2) 
from exp erim en ta l evidence# K eeen tly  N aray-Szabo{l93) s ta g e d  t h a t  
the  c o e f f ic ie n t  o f  expansion  o f  a  g la ss  w i l l  in c re a se  w ith  th e  
in c re a s e  in  th e  amount o f  a lk a l i  oxides# In  Figs* 11 -  14* th e  t o t a l  
expansion  In c re a se d  as amounts o f  a l k a l i  ox ide in  th e  bond in c reased #
VI* I# 13* In  th e  case  o f  e i l l im a n l ie  -  type o f  m a te r ia ls  th e  g en e ra l 
p ic tu r e  was s im i la r ,  excep t in  th e  case  o f  th e  u n f ir e d  specimens * The
"i
c a lc in e d  s i l l im a n i t e  m in e ra ls  a re  n o t e a s i ly  ch em ica lly  a tta c k e d  by 
p u re  s i l i c a  o r  a lk a l i  s i l i c a t e  m elts  a t  low te m p e ra tu re s , and even cat 
h ig h e r  tem p era tu res  th e  r a t e  o f  a t ta c k  i s  very  slow# Due to  t h i s  th e  
u n f i r e d  s i l l im a n i t e  specim ens c o lla p se d  a t  a  v e ry  e a r ly  s ta g e ,  i# e # 9 
as soon as th e  d eh y d ra tio n  o f  th e  s i l i c a t e  g e l o ccu rred  (F igs* 15 and 
17)* The e th y l  s i l i c a t e  bonded t e s t  p ie c e s  showed l i t t l e  h ig h e r  
s o f te n in g  p o in ts  than  e i t h e r  o f  th e  o th e r  two types o f  bonds, because 
i t  d id  n o t form a  low tem p era tu re  m elt o f  a lk a l i  s i l i c a t e .  I t  may be 
n o te d  t h a t ,  a lthough  th ey  f a i l e d  p re m a tu re ly , as in  th e  alum ina specim ens, 
t h e i r  average r a t e  o f expansion  in c re a s e d  slow ly  w ith  th e  r i s e  in  th e  
amount o f  a l k a l i  ox ide in  th e  bond (T able 8)* I*1 th e  s i l l im a n i t e  t e s t
p ie c e s  a l s o ,  th e  s o f te n in g  tem p era tu res  o f  th e  a l k a l i  s i l i c a t e  bonded 
m a te r ia ls  were h i ^ i e r  w ith  th e  d ecrease  in  th e  bond con ten t*
V I* I#14* V&en f i r e d ,  th e  s i l i c a t e s  form ed a  bond f o r  th e se  alum ino- 
s i l i c a t e s ,  and p re v e n ted  them from  e a r ly  f a i lu r e #  As a l l  th e  alum ino- 
s i l i c a t e  m in e ra ls , when c a lc in e d , a re  l e f t  w ith  o ee lu d ed  s i l i c a  and
o c c a s to n a lly  t r a c e s  o f  f r e e  alum ina (T ab le  1 1 ), in  th e  p redom inan tly
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m ullit®  s t r u c tu r e ,  t i e  chances o f  com plete conversion  o f  a lk a l i  
s i l i c a t e s  in to  a lk a l ia lu m ln o ~ s i l i e a ie s  a re  much le s s  th an  w ith. . 
alum ina and th e  p resen ce  o f  r e s id u a l  a l k a l i  s i l i c a t e s  in  th e  bond 
w i l l  accoim t fo r  th e  s o f te n in g  o f  th e  f i r e d  specim ens a t  a  tem p era tu re  
"between 600°^ and 80Q°0 ( f ig s  • 15 and 18)* '. 'T h is  may a lso  e x p la in  th e  
improved p ro p e r t ie s  o f  s i l l im a n i t e  m a te r ia ls ,  when sm a ll amounts o f  
r e  c r y s t a l l i s e d  alum ina were added ( fa b le  2)* The alum ina p robab ly  
form ed la u l l i te  w ith  th e  amorphous s i l i c a  a t  h igh  tem peratu re*  In  th e  
c ase  o f  e th y l  s i l i c a t e  th e  low tem p era tu re  s o f te n in g  n o tic e d  was 
p o s s ib ly  due to  th e  com bination o f  s i l i c a  and o th e r  ox ides p re s e n t  
as im p u r i t ie s ,  in  a manner s im i la r  to  t h a t  o f  u n f i r e d  alum ina specimens* 
The e th y l  s i l i c a t e  bonded specim ens d id  n o t produce any b e i t e r  bond on 
p r e f i r i n g  as th e re  was n e i th e r  a l iq u id  phase n o r enough f r e e  alum ina 
to  produce m u llite *
VI*1*15. As w ith  th e  alum ina specim ens th e  s o f te n in g  te m p e ra tu re s , 
when th e  a l k a l i  s i l i c a t e  bonds w ere u se d , were s im i la r  to  th o se  o f  
e th y l  s i l i c a t e  b u t in  th i s  c ase  th e  d if fe re n c e s  were le s s  marked, and 
n o rm a lly , they  may be accep ted  as eq.ual f o r  th e  s e rv ic e  o f  r e f r a c to r ie s *  
w ith  th e  alum ina t e s t  p ie c e s ,  th e  f i n a l  s o f te n in g  p o in ts  were h ig h e r  
w ith  th e  d ecrease  in  th e  amount o f  a l k a l i  s i l i c a t e  bond* Also i t  may 
be n o ted  t h a t  th e  average r a t e  o f  expansion  in c re a se d  s l i g h t l y  w ith  th e  
in c re a se  in  th e  r a t i o  o f  a l k a l i  o x id e / s i l io a  in  th e  bond (T able 9)* 
YI»I*ld* As m entioned p re v io u s ly  th e  r i s i n g  tem p era tu re  t e s t s  o f
r e f r a c to r in e s s  u n der lo a d  p ro v id ed  in fo rm a tio n  s im i la r  t o  t h a t  o b ta in e d  
from th e  d i l a t i o n  t e s t s ,  a lthough  t h e i r  m agnitude d i f f e r e d ,  and th e  
change p o in t a t  about SB0°0 w a s .n o tic e d  again* The improved p ro p e r t ie s  
o f  th e  e th y l  s i l i c a t e  bonded t e s t  p ie c e s ,  a f t e r  p r e f i r i n g ,  agreed  w e ll 
th e  p re d ic t io n s  from th e  alum ina s i l i c a  e q u ilib r iu m  diagram  (P iS . 2 2 ) . 
The s ta b le  a lu ia in o -s i l io a te  phase formed was the  main rea so n  o f  th is *
VI*1 .1 7 . In  th e  case  o f a lk a l i  s i l i c a t e  bonds a l s o ,  th e  r e s u l t s  
o f  th e  r i s i n g  tem p era tu re  t e s t s  were s im i la r  to  th o se  o f  d i l a t io n  
cu rves ex cep t in  th e  o rd e r  o f  th e  r e l a t i v e  m agnitudes* The fo rm atio n  
o f  a  s o f t  phase between 600°G and 80Q°C, and th e  p resen ce  o f  a  new 
phase in  th e  bond m a te r ia l  a t  1000°0 were c le a r ly  in d ic a te d ,  a lthough  
th e  r e l a t i v e  t o t a l  expansion  was n o t com parable (F igs* 22 -  23)*
V I . I ,18* Above th e  liqu i& us o f  th e  bond, th e  s t r e n g th  o f  th e  
r e f r a c to r y  m a te r ia l  i s  m arkedly a f fe c te d  by the  v i s c o s i ty  of. th e  
l iq u id *  S tan w o rth (l9 4 ) has shown th a t  i f  th e re  i s  no change in  comp­
o s i t io n  th e re  i s  a sharp  drop in  v i s c o s i ty ,  which shou ld  le a d  to  a  
r a p id  c o lla p se  under load* However, due to  a change in  chem ical 
com position  by th e  s o lu t io n  o f  e i t h e r  a lum ina(l29 ) o r  s i l i c a ( l 9 5 )  ih e
C
v is c o s i ty  may £aM  by a sm all amount and w i l l  th e re fo re  p re v e n t th e  
m a te r ia l  from c o lla p s in g  co m p le te ly , im m ediately th e  liq u id u s  temper­
a tu re  o f  th e  o r ig in a l  b in d e r  m a te r ia l  was a t ta in e d ,  b u t th ey  in d ic a te d  
th e  appearance o f  a new s o f t  phase d u rin g  under lo ad  t e s t s .  .From th e  
te rn a ry  phase diagrams (F ig s , 2 and 3)» i t  may be n o ted  th a t  th e  most 
s i l ic e o u s  e u te c t ic s  o f  sodium and po tassium  m elted  a t  793° C (26 .1$  Ha2o)
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and 76J 0 ( 26. 4% K „0), which would account fop  th e  low tem p era tu re
C*. ;j
s o f te n in g  o f  th e s e  m a te r ia ls .  On th e  o th e r  hand a d d itio n  o f  more 
alum ina o r  s i l i c a  (from  c a lc in e d  a lu m in o -s i l ic a te s )  to  th i s  m elt w i l l  
d ecrease  th e  amount o f  l iq u id  a l k a l i  s i l i c a t e s ,  and in c re a se  th e  m e ltin g  
p o in t  o f  th e  bond, The t o t a l  q u a n tity  o f  l iq u id  formed e i t h e r  due to  
l e s s  l iq u id  form ing m a te r ia l  o r  due to  th e  in c re a se  in  liq u id u s  temper­
a tu re  and h en ce | v i s c o s i ty ,  by f u r th e r  a d d itio n  o f  alum ina o r  s i l i c a  
has an im p o rtan t e f f e c t  on th e  p ro p e r t ie s  o f  th e  r e f ra o to z y .
V I .1 ,19, In  th e  case  o f  u n f ir e d  alum ina specimens (F ig . 24)* d u rin g  
th e  c o n s ta n t tem p era tu re  t e s t s ,  th e  r a t e  o f  deform ation  o f  e th y l  s i l i c a t e  
bonded m a te r ia ls  was g r e a te r  than  th e  sodium s i l i c a t e  bonded m a te r ia ls  
a t  1400°C. At th i s  tem pera tu re  th e  sodium s i l i c a t e  i s  ex p ec ted  to  form 
a  l iq u id  p h a se , which would d is so lv e  more alum ina s lo w ly , a t  th a t  
tem p era tu re  and thus form a  s tro n g e r  bond. In  th e  absence o f  any l i q u id ,  
th e  bond w ith  e th y l  s i l i c a t e  would be a s o l id  to  s o l id  r e a c t io n  and so
d if f u s io n  c o n tro l le d .  T h is , b e in g  s lo w e r , produced an i n f e r i o r  bond.
t ■ ' ' ■ • f
I t  may be n o tic e d  a lso  th a t  th e  d ecrease  in  th e  amount o f  bond in  a l k a l i
s i l i c a t e  b in d e rs  produced improved h ig h  tem pera tu re  s tr e n g th  (F ig s . 24 and
2 5 ). At very  h igh  te m p e ra tu re , th e  p o s i t io n  was re v e rse d  and th e  sodium
s i l i c a t e  bonds were no lo n g e r th e  b e s t  (F ig . 2 7 ), because th e  v i s c o s i ty
o f  th e  bond was too  low a t  t h a t  te m p e ra tu re , and so i t  had no s t r e n g th .
- I
V I . I . 20. The same sh o u ld  have been t r u e  f o r  p o tassium  s i l i c a t e  
bonds. The t e s t s ,  however, showed th a t  th e  p ro p e r t ie s  o f  th e  po tassium
s i l i c a t e  bonds u sed  were no t b e t t e r  th a n  th e  e th y l  s i l i e a t e  ones f o r  
th e  under lo a d  t e s t s  a t  c o n s ta n t tem pera tu re  (F igs* 24* 25 2 7 ).
This may be due to  th e  s low er r e a c t io n  r a t e  o f  po tassium  s i l i e a t e ,  when 
compared w ith  t h a t  o f  sodium s i l i c a t e ,  and as a r e s u l t  th e  com position  
o f  th e  b in d e r  m a te r ia l  d id  n o t change to  form a s tro n g e r  bond f a s t  
enough* At 13$0°C t h i s  low tem pera tu re  po tassium  g la s s  was s tro n g  
enough due to  h ig h  v is c o s i ty  a t  low er tem p era tu re  (F ig . 2 6 ).
V I , I . 21. In  th e  ease  o f  s i l l im a n i t e  specim ens, th e  u n f ir e d  ones 
were much w eaker and c o lla p se d  a t  tem pera tu res below 9 0 0 ° C, as in  th e  
d i l a t i o n  t e s t s .  The f i r e d  s i l l im a n i t e  t e s t  p ie c e s  f a i l e d  a t  com parat­
iv e ly  low te m p e ra tu re s , when compared w ith  th e  d i l a t io n  t e s t s  o r  th e  
r e f r a c to r in e s s  t e s t s  o f  th e  alum ina specim ens. This c le a r ly  showed 
th a t  th e  s tr e n g th  o f  th e  bond form ed by th e  d is s o lu t io n  o f  s i l i c a  in  
th e  a l k a l i  s i l i c a t e  m elt produced a bond weaker th an  th a t  by alum ina 
and a lk a l i  s i l i c a t e s ,  a t  h ig h  tem p e ra tu re .
V I . I . 22. D uring th e  c o n s ta n t tem p era tu re  t e s t s ,  a l l  th e  specim ens
showed very  good r e s i s ta n c e  to  defo rm ation  under a  lo a d  o f  28 lb s /s q * in ,
? - - 
a t  1400°C, when th e  lo a d  was a p p lie d , a f t e r  th e  specim en a t ta in e d  th e
tem p eratu re  (F ig , 32)« At 1500°C sodium s i l i c a t e  bonds ag a in  p roved
to  be th e  b e s t ,  due to  th e  same reasons as th o se  d isc u sse d  b e fo re .
V I .I .2 3 .  I t  must be s t r e s s e d  ag a in  th a t  th e  t o t a l  q u a n t i ty  o f  
l i q u id  formed i s  very  im p o rtan t to  e v a lu a te  th e  bond p ro p e r ty . F or 
r e f r a c to r in e s s  u n der lo a d  sm all amounts o f  l i q u id  p roved  b e t t e r ,
w hereas, f o r  t ra n s v e r s e  hend s tr e n g th  a t  room te m p e ra tu re , th e  re v e rs e
was tru e*  A lthough th i s  was n o tic e d  e s p e c ia l ly  f o r  th e  a l k a l i  s i l i c a t e
bonds, i t  i s  expec ted  to  be t r u e  f o r  th e  e th y l  s i l i c a t e  bonds a l s o .
With a  sm all q u a n tity  o f  e th y l  s i l i c a t e  added le s s  m u ll i ie  would be
form ed, and so le s s  w i l l  be th e  bend s t r e n g th .  Of c o u rse , t h i s  i s
t ru e  so lo n g ^ th e  bond volume does n o t reach  the  optim um (188), O ther
im p o rtan t f a c to r s  th a t  w i l l  govern th e  room tem peratu re  s t r e n g th ,  a re
th e  r e l a t i v e  r a t e s  of s o lu t io n  o f  th e  components o f  th e  bond phase
and n u c le a t io n  and growth o f  any new compound. The wide range o f
m utual s o l u b i l i t i e s  o f  ox ides and s i l i c a t e s  are  a lso  im p o rtan t,
V I,1,24* The fo rm atio n  o f  a  s ta b le  a lu m in o -s l l ic a te  phase caused
th e  i n i t i a l  sharp  r i s e  in  room tem p era tu re  bend s t r e n g th  o f  th e  e th y l
s i l i c a t e  bonded alum ina m a te r ia ls .  T his may be s im i la r  in  com position
to  3A l-CL,2Si0o |[Fi&* l ) ,  a lthough  th e  a c tu a l  com position  may n o t be c 3 £ r>
e x a c tly  s to ic h io m e tr ic .  Owing to  th e  f a c t  th a t  v i r t u a l l y  no l iq u id  
was expected, to  form a t  the  f i r i n g  te m p e ra tu re s , th i s  phase grew a t  
a  co m p ara tiv e ly  slow  r a t e ( l l 7 ) ,  and cou ld  e x i s t  on ly  as an i n t e r s t i t i a l  
p h a s e ( l l8 ) ,  and so th e  r a t e  o f  in c re a se  in  s tr e n g th  was n o t m a in ta in ed  
(F ig , 3 4 ), When f i r i n g  was co n tin u ed  f o r  lo n g e r p e r io d s ,  th e  room 
tem p eratu re  s tr e n g th  in c re a se d  slow ly  u n t i l  a l l  th e  a v a ila b le  s i l i c a  
r e a c te d  to  form  th e  s ta b l e  compound and th en  i t  decreased  (F ig s . 38 
and 3 9 ). With th e  a lk a l i  s i l i c a t e  bonds, th e  p ro c e ss  o f  bond form­
a tio n  changed, a lth o u g h , th e  ap p aren t p ic tu r e  o f  r i s e  in  bond s t r e n g th
was m aintained# The l iq u id  form ed In  sodium s i l i c a t e  bond bad 
d isp e rse d  a lum ina, which co n tin u ed  to  d is so lv e  u n t i l  th e  m a te r ia l  was 
com pletely  consumed. T his m elt on c o o lin g  produced a g la s s .  The room 
tem p era tu re  s t r e n g th  o f  th e  sodium s i l i c a t e  bonded t e s t  p ie c e s  had a 
s im i la r  p a t t e r n  to  th a t  o f  e th y l  s i l i c a t e  bond (F ig . 34)* When th e  
p e r io d  o f  f i r i n g  was in c re a s e d , th e  s t r e n g th  dropped in  a  s im i la r  way 
to  s i l i c a  g la s s ,  due to  d e v i t r i f i c a t i o n ( l 9 6 ) ,  (F igs* 38 and 39)«
V I,1 .2 5 . C ob le(l97) r e f e r r e d  to  I l l y n fs  work f o r  h is  o b se rv a tio n  
o f  th© in c re a s e d  room tem p eratu re  s t r e n g th  o f  th e  quenched alum ina 
m a te r ia ls .  The s u r fa c e  com pressive s t r e s s  developed by quenching was 
assumed to  co u n te rb a lan ce  th e  a p p lie d  t e n s i l e  s t r e s s ,  and hence th e  
s t r e n g th  in c re a s e d . The g la s s  form ed by th e  sodium a lu m in o -s i l ie a te  
sh o u ld  have a h ig h e r  com pressive s t r e s s  th an  th e  a lu m in o -s i l ie a te  
bond. This sh o u ld  be p a r t i c u l a r ly  e f f e c t iv e  f o r  in c re a se d  s t r e n g th  
m easured by tra n s v e rse  b re a k in g . F ig , 34 confirm s, t h i s ,  when Mix. 3 
gave th e  h ig h e s t  bend s t r e n g th ,
VI*1 .26 . The re a so n s , f o r  th© low er amount o f  bond fo rm atio n  by 
th e  po tassium  s i l i e a t e ,  have been d isc u sse d  p re v io u s ly , and t h i s  i s  
r e f l e c t e d  by th e  room tem peratu re  s t r e n g th  (F ig . 3 5 )i and th© s tre n g th  
co n tin u ed  to  r i s e  even a f t e r  6 hours o f  f i r i n g  (F ig s , 38 and 39)* I t  
may be n o te d  th a t  w h ile  th e  s tre n g th s  o f  th e  a lk a l i  s i l i c a t e  bonds 
d ec reased  in  th e  same way as th e  e th y l  s i l i c a t e  bond, th e  r a t e  o f  
d ecrease  was low er as th e  tim e o f  f i r i n g  was in creased*  This ag rees
w ith  some o f th e  e x i s t in g  work, where a lk a l in e  e a r th  ox ides o r  
f lu o r id e s ,  chromium oxide o r  s i l i c a t e s  have been su g g es ted  as an 
a d d itio n  f o r  s in te r e d  alum ina p ro d u c ts  f o r  th e  r e te n t io n  o f s t r e n g th  
a t  h ig h e r  tem p era tu res  o r  lo n g e r  p e r io d s  o f  exposure to  h ig h  tem per­
a tu re s  (198, 199* 200)•
V I .I .2 7 .  That th e  “bond co n ta in ed  in c re a s in g  amount o f  d is p e rse d  
phase when co o led  from h ig h e r  tem p era tu re  was a lso  n o te d  when an 
a ttem p t was made to  b leach  o u t th e  g la ssy  phase by f lu o ro b o r io  a c id  
(T able 1 £ ) . This in d ic a te d  th a t  the  bond was no lo n g e r  a  homogeneous 
p e r f e c t  g la s s ,  and c o n s is te d  o f  a d isp e rse d  m ic ro c ry s ta l l in e  phase 
d i s t r ib u te d  in  a  g la ssy  m a tr ix . This p h ase , which p ro b ab ly  o ccu rred  
d u rin g  c o o lin g  from h ig h e r  te m p e ra tu re , caused  th e  in c re a s e  in  s tre n g th *  
V I.1 .2 8 . The e th y l  s i l i c a t e  bonded s i l l im a n i te  produced s l i g h t l y  
s u p e r io r  bond s t r e n g th  to  e i t h e r  o f  th e  o th e r  two (F igs* 36 and 3 7 ), 
b u t th e  d if fe re n c e  was s u f f i c i e n t ly  sm all n o t to  make any commercial 
d i f f e r e n c e .  As may be n o ted  from Table 1®, th e  s t r e n g th  o f  th e  e th y l 
s i l i c a t e  bonded t e s t  p ie c e s  d im in ish ed , a t  a  very  slow  r a t e  w ith  
lo n g e r p e r io d s  o f f i r i n g ,
V I ,1 ,29. As s t a t e d  e a r l i e r  th e  p ro g re s s  o f  bond fo rm atio n  in  th e  
s i l l im a n i t e  m a te r ia ls  w ith  a l k a l i  s i l i c a t e s  was v e ry  slow . The re a so n  
w as, th e  excess s i l i c a  p r e s e n t ,  d is so lv e d  in  th e  s i l i c a t e  m elt by th e  
d eg rad a tio n  o f  th e  S i-0  bonds, which was ve ry  slow  even a t  1400°C,
The o th e r  p o s s i b i l i t y  would be th e  com bination o f  th e  a l k a l i  s i l i c a t e s
w ith  anjr a lm ia a  i t  may d e r iv e  from th e  m u l l i t e  s tru c tu re *  po tassium
was lo s s  e f f e c t iv e  f o r  breakdown o f  m u ll i te  th an  sodium (96)» because
o f  i t s  r e l a t i v e l y  la rg e  io n ic  rad iu s*  -
V I. 1 .30* As a  consequence o f  these*  th ey  showed low er bond s tr e n g th
a t  room te m p e ra tu re , and s l i g h t l y  improved p r o p e r t ie s  f o r  r e f r a c to r in e s s
under lo a d  f o r  th e  r i s i n g  tem p era tu re  t e s t s *  S eh ly e rs  (201) id e a ,
th a t  th e  minimum v i s c o s i ty  g la s s  o f  1 *Ha J ) / 2 . 2 .SiO com position  should2 2
g iv e  b e t t e r  f i r e d  p r o p e r t ie s ,  p ro b ab ly  does n o t app ly  to  th e  r e f r a c to r in e s s  
under lo a d  t e s t  fo r  r i s i n g  te m p e ra tu re .
■ V I *1*31* An analogy w ith  th e  behav iour o f  m e ta ls  seems to  be in  
l i n e  w ith  th e  r e s u l t s  o f  th e  tra n s v e rse  b reak in g  s t r e n g th s .  In  m e ta ls  
h e a tin g  much above a  c e r t a in  tem p era tu re  ( r e c r y s t a l l i s a t i o n  tem p era tu re) 
causes g ra in  grow th in  f in e  g ra in e d  m a te r ia ls ,  and hence, a lthough  th e  
s t r e n g th  a t  f i r s t  may not d e c rea se , i t  drops w ith  g r a in  growth (2 0 2 ) .
In  t h i s  w e ll known p ro c e s s , th e  fo rm atio n  o f n u c le i ,  compared w ith  th e  
subsequent g ra in  g row th , c o n tro ls  th e  r e c r y s t a l l i z e d  g ra in s  and hence 
s t r e n g th  o f  th e  m a te r ia l .  I t  must be p o in te d  ou t h e re , as  w e l l ,  t h a t  
t h i s  assumed analogy  between s tr e n g th s  o f  m e ta ls  and ox ides may n o t be 
s t r i c t l y  com parable, s in ce  th e  n a tu re  o f  f r a c tu r e  o f  one i s  p l a s t i c  and 
d u c t i l e ,  w hereas th e  o th e r  shows b r i t t l e n e s s .  Hot a l l  c e ra m is ts  and 
m in e ra lo g is ts  have re c o g n ise d  t h i s  phenomenon in  ox ide  system s, a lthough  
i n  t h e i r  experim ents w ith  s in te r e d  alum ina Smothers and Reynolds(203) and 
Gaboon and C h ris te n se n (204) have n o tic e d  t h i s ,  and Burke(205) drew th e
a t te n t io n  to  i t  d u rin g  h is  d is c u s s io n  on th e  r o le  o f  g ra in  "boundaries 
in  s in te r e d  alum ina* I t  i s  a lso  known(206) th a t  th e  f r a c tu r e  i n  
alum ina m a te r ia ls  may p ro p ag a te  "both th rough  th e  g ra in s  and g ra in  
"boundaries# When s tu d y in g  th e  r e s u l t s  o f  th e  tr a n s v e r s e  "breaking 
s t r e n g th  (T ab le  ~ 1 0 # ), i t  i s  found th a t  th e  s tre n g th  o f  th e  m a te r ia l  
a t  f i r s t  in c re a se d  w ith  f i r i n g  te m p e ra tu re , bu t w ith  th e  in c re a s e  in  
th e  tim e o f  f i r i n g  above 1200°0 , th e  s t r e n g th  d e c rea se d , in s te a d  o f  
a ch iev in g  eq u al s tr e n g th  to  th a t  o f alumina* T his phenomenon analogous 
to  r e c r y s t a l l i z a t i o n ,  depended on h ig h e r  tem p era tu re  o r  lo n g e r  soak ing  
p e rio d s*  V;
■/:, ? I* I# 32. A part from th e  developm ent o f  new phases and v i s c o s i ty  a t  
high  te m p e ra tu re s , p o ro s i ty  p lay ed  an im p o rtan t p a r t  in  de te rm in in g  th e  
room tem p era tu re  s tre n g th *  Byshkewit c h (207) d u rin g  h is  work on 
com pressive s t r e n g th s ,  found th e  s t r e n g th  was an e x p o n en tia l fu n c tio n  
o f  p o r o s i ty ,  w hereas C u tle r(2 0 S ) r e l a t e d  s t r e n g th s  as  l i n e a r  fu n c tio n  
o f  p o ro s ity *  The co m p ara tiv e ly  la rg e  and uniform  p o res  in  th e  former* s 
work was p ro b ab ly  th e  re a so n  f o r  d if fe re n c e *  P a rin g  th e  p ro cess  o f bond 
fo rm a tio n , th e  v o id s  w ith in  th e  body grew by th e  e lim in a tio n  o f  some and 
growth o f  th e  o th e rs*  Both in  th e  cases  o f i s o la te d  and channel 
p o r o s i ty ,  th e  system  p roceeds tow ards few er p o re s  and low er s u rfa c e  area*  
Dobychin and Ts@ llinskaya(209) have no ted  th a t  s t r u c tu r e s  w ith  sm all 
p o re s  a re  l e s s  . s t a b le ,  and th® sm all p o re s  d isa p p e a r  sooner th a n  th e  
la rg e  ones*
   _ _ _  ............
J 8 4 "1\'\
A
■ I t
i
;
' |
V ? X iI#33* re a so n s  f o r  th e  in c re a s e  in  room tem p eratu re  s t r e n g th  I
a re  above and a re  shown c le a r ly  in  m icro s t r u c tu r e s  ©f F ig s . 40 ^  41*f I
w ith  th e  r e d i s t r ib u t io n  of p o re s  in  th e  alum ina g r a in s ,  and to  th e
in te r a c t io n  o f  alum ina s i l i c a  g la ss*  The low er s t r e n g th  o f  Fig* 44
was s im i la r ly  due to  th e  s c a t te r e d  v o id s  in  th e  bond area*  The same ■ '
i s  th e  rea so n  f o r  d ecreased  s t re n g th s  o f  F igs*  48 & 57* The co m p ara tiv e ly
i n f e r i o r  bond s tre n g th s  o f  some o f  th e  s i l l im a n i t e  m a te r ia ls  (F ig s*  63
& 64) may b© a t t r i b u t e d  p a r t i a l l y  to  th e  same fo rm atio n  o f  alu raino-
s i l i c a t e s  and re d u c tio n  o f  p o ro s i ty  was n o tic e d  to  in c re a se  g ra d u a lly
w ith  th e  r i s e  in  f i r i n g  tem p era tu re  ( f i g s .  41* 42 , 4 5 , 47 e t c . ) ,  o r
w ith  th e  in c re a s e  in  f i r i n g  tim e w ith  low er tem p era tu res  ( f ig *  54»)»
Although t h i s  was most p ro b ab ly  connected  w ith  th® fo rm atio n  o f phases
J l ik e  m u ll i te  o r a l k a l i  a lu m in o - s i l ie a te s ,  u n fo r tu n a te ly  th e  s tu d y  o f
m ic ro s tru c tu re s  could  n o t id e n t i f y  any d e f in i t e  c r y s t a l s .  T h is  was
f u r th e r  su p p o rted  by th© X -ray d i f f r a c t i o n  p a t te r n s  (Tabl© -  1 2 . ) ,  which
in d ic a te d  th a t  any new phase could  on ly  b© m ic ro e ry s ta l l in e *
Y I.I .3 5 *  in d ic a te d  p re v io u s ly , th e  la c k  o f  in te r a c t io n  between
c a lc in e d  a lu m in a - s l l ie a te s  and th e  b in d e r  was a lso  n o ted  in  th® m ic ro -
s t r u c tu r e s  ( f ig s *  60, 62 e tc . ) *  A l im i te d  amount o f  w e ttin g  took p la c e
on ly  a t  h ig h e r  tem p e ra tu res  ( f i g s .  61, 64, & 6 6 ) .
Y I .i .3 6 *  In  th e  p re sen ce  o f  a  l iq u id  p h ase , th e  bonding i s  ex p ec ted
to  develop by d is s o lu t io n ,  and p r e c ip i t a t i o n ,  which w i l l  r e s u l t  in
rounding  ©f g r a in s ,  d e n s i f ic a t io n  e t c .  (F ig .  8 0 * ) . Of c o u rse , th e
j!& 5  n
! ( H
degree o f  bonding depended on th e  r a te  p ro c e s s . Corundum, on be in g  : 
d is so lv e d  in  s i l i c a  m e lt, gave r i s e  to  m u l l i t e ,  b u t t h i s  m u l l i te  d id  
n o t grow i t s  f a m i l ia r  n eed le  s t r u c tu r e  in  th© p resen ce  o f  ex cess  a lum ina . 
For p r e c ip i t a t io n  to  take  p la ce  from an a l k a l i  a lu m in o -s i l ic a te  m e lt, 
bo th  corundum and m u ll i te  need a  much slow er rat©  o f  c r y s t a l l i z a t i o n  th a n  
th e  f a s t  r a t e  o f  c o o lin g  u sed  and o n ly  occluded  f in e  corundum d isp e rse d  
in  g la s s  was. p roduced . -'
j
V I .I X .l .  The stu d y  le d  to  th e  fo llo w in g 'c o n c lu s io n s  from d i f f e r e n t  
t e s t s *  The r e f r a c to r in e s s  'under' lo a d  t e s t s  showed t h a t s -  ■
( i )  th e  s o f te n in g  o f  a lk a l i  s i l i c a t e  bonded r e f r a c to r i e s  a t  
\ 1 : about 700 C d ecrea sed  w ith  th e  d ecrease  in  th e  amount o f  ■
■ bond 'added! " th e  specim ens bonded w ith  e th y l  s i l i e a t e  had 
n o : such' e f f e c t , ' ■ r  ^ ■ a ■ ■ ' k - • 1 a
( i i )  a l l  th e  u n f ir e d  t e s t  p ie c e s  in d ic a te d  a  change below 1000 0 ,
. ( m )  f i r i n g  in c re a se d  th e  s o f te n in g  tem p era tu re  o f  a l l  th e  a lk a l i  
s i l i c a t e  bonds, b u t d id  n o t  "appreciab ly  a f f e c t  th e  e th y l  — 
s i l i c a t e  bonded o n es,
( i v j  th e  so f te n in g  tem p era tu re  o f  f i r e d  specim ens was improved w ith
a  d ecrease  in  th e  amount of bond phase f o r  sodium s i l i c a t e  bonds,
b u t was a lm ost unchanged f o r  po tassium  s i l i c a t e  bonds,
(v ) th e  bond due to sodium s i l i c a t e  was b e s t  w ith  s i l l im a n i te
f o r  c o n s ta n t tem p era tu re  t e s t s ,  --
V I* I I .2* From th e  t ra n s v e rs e  bend s t r e n g th  i t  may be concluded
th a t* -  ' \  "  ':;k r' ■■■■-L v.
( i )  f i r e d  p r o p e r t ie s  o f h igh  s i l i c a  r a t i o  a l k a l i  s i l i c a t e  bonded
alum ina t e s t  p ie c e s  were b e t t e r  th a n  any o th e r  and th e  bond
s tr e n g th  improved v e ry  sh a rp ly  fo r  th e  sodium s i l i c a t e  bond 
a t  su cc e ss iv e  h ig h e r f i r i n g  tem p era tu res! th e  e th y l  s i l i c a t e  
produced th e  b e s t  room tem p era tu re  s t r e n g th  f o r  s i l l im a n i te
t e s t  p ie c e s ,
( i i )  w ith  in c re a s e  i n  soak ing  tim e th #  room tem p era tu re  s t r e n g th  
, o f  b o th  sodium s i l i c a t e  and e th y l  s i l i c a t e  bonded alum ina 
sam ples tended  to  decrease*  . -
VI*II»3* The o th e r  co n c lu s io n s  made from th e  s tu d y  were**
( i )  above 1000°0 th e  bond formed new compounds, b o th  c r y s t a l l i n e  
and g la s s y  *  f o r  alum ina w ith  s i l i c a ,  bond i t  was a  s ta b le  
a lu m in o * s il ic a te  ( m u l l i t e ) ,  w hereas f o r  a l k a l i  s i l i c a t e s  i t  
was a g la s s y  phase from w hich p r e c ip i t a t io n  o f  a  c r y s ta l l in e  
phase occurred^ a l l  th e  s i l l im a n i t e  t e s t  p ie c e s  w ith  a l k a l i  
s i l i c a t e s ,  formed a s o f t  phase much e a r l i e r  th a n  t h a t  w ith  
e th y l  s i l i c a t e ,
( i i )  th e  m u ll i te  formed in  alum ina due to  s i l i c a  bond d id  n o t have 
i t s  c h a r a c t e r i s t i c  n eed le  sh ap es , and th e  on ly  c r y s ta l l in e  
phase  t h a t  could  be i d e n t i f i e d  was corimdum? in  th e  s i l l im a n i t e  
t e s t  p ie c e s  though , th e  a l k a l i  s i l i c a t e  m e lts  p robab ly  
d is so lv e d  some m u l l i t e ,  b u t th e  r e p r e o ip i ta t io n  o f  any phase 
was to o  f in e  to  d e te c t ,  ( th e  X -ray p a t te r n s  a lso  c o n f im e d  t h i s )  
b u t th e  chem ical e x tra c t io n  o f  g la s s y  phase on ly  in d ic a te d  th e  
r e p r e c ip i ta t io n  o f  some phase from th e  m elt*
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